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Abstract
Tuberculosis (TB) is one of the deadliest diseases known to man and ranks among the top
ten global causes of fatalities. This stems from the fact that Mycobacterium tuberculosis
(Mtb), the causative pathogenic bacterial species responsible for TB, has developed extensive
mechanisms to elude detection and eradication by the human immune system. While its
diagnosis in adults with a negative human immunodeficiency virus (HIV) status is commonplace,
paediatric diagnosis can be arduous even with the aid of sophisticated techniques. Therefore,
paediatric cases often do not receive the priority they deserve. This problem is further amplified
in developing countries, since they are most affected by the disease and also do not have
access to sophisticated diagnostic techniques.
Diagnosis of TB in developing countries is primarily based on sputum smear microscopy, a
proficient but limited technique. Children often develop a paucibacillary form of TB, in which
case the concentration of bacteria in their sputum falls below the lowest limit of detection for
microscopic detection. If the TB bacilli can be concentrated within the specimen collected from
patients, the detection limit can likely be met, allowing for rapid detection. Since the bacilli are
prone to adhere to polymeric surfaces, a high surface to volume, fibrous matrix is of interest.
In this study, various means of surface functionalising poly(ethylene terephthalate) (PET)
microfibres with a biological entity was investigated. The entity of interest was a lectin based
ahesin, namely Concanavalin A (Con A). Con A has an affinity for the mannose groups on the
Mtb cell wall. By functionalising these fibres, a substrate was created which could potentially
act as a concentrating and capturing platform for the Mtb bacilli. It follows that since these types
of fibres are commonly used for specimen collection swabs, an Mtb specific buccal swab could
be created. This would allow bacilli collection by means of their entrapment upon wiping the
oral mucosa of a patient with the swab.
Affinity studies between the modified PET microfibres and an attenuated strain of Mycobacterium
bovis namely the bacillus of Calmette-Gue´rin (BCG) were conducted. The strain of BCG used,
possessed a fluorescent protein reporter gene, namely mCherry-BCG. These studies were also
conducted as a function of serial dilutions, to evaluate the Mtb capture ability of the modified
substrates. The successful capture of BCG by the substrates was confirmed by the aid of
confocal fluorescence microscopy (CFM) and scanning electron microscopy (SEM). These
studies revealed that all of the surface functionalised substrates were able to successfully
capture the bacteria. This was possible down to culture concentrations which fell well below the
detection threshold of sputum smear microscopy. The surface modification, which proved most
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successful at BCG capture, was a cross-linked protein aggregate (CLPA) derivative. CLPA was
covalently bound to the surface of the fibres, by means of glutaraldehyde (GA).
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Opsomming
Tuberkulose (TB) is een van die dodelikste siektes bekend aan die mens, en word beskou
as op die ranglys van die top tien oorsake van sterftes weˆreldwyd. Dit is vanwee¨ die feit
dat Mikobakterium tuberkulose (Mtb), die patogene bakteriese spesie wat verantwoordelik
is vir TB, omvattende meganismes ontwikkel het, wat sy opsporing en uitwissing deur die
menslike immuunstelsel te fnuik. Terwyl TB allerdaag by volwassenes met ’n negatiewe
menslike immuniteitsgebreksvirus (MIV)-status gediagnoseer word, kan pediatriese diagnose
moeilik wees selfs met behulp van gesofistikeerde tegnieke. Pediatriese gevalle ontvang
dus dikwels nie die prioriteit wat hulle toekom nie. Hierdie probleem word verder vergroot in
ontwikkelende lande, aangesien hulle die meeste deur die siekte geraak word en nie toegang
het tot gesofistikeerde diagnostiese tegnieke nie.
Diagnose in ontwikkelende lande word hoofsaaklik gebaseer op sputum-smeer-mikroskopie, ’n
toereikende, maar beperkte tegniek. Kinders ontwikkel dikwels TB met ’n geringe bacilli telling
(paucibacillary TB), in welke geval die konsentrasie van bakteriee¨ in hul sputum onder die
laagste opsporingsperk vir mikroskopiese opsporing val. As die TB-bacilli gekonsentreer kan
word binne die monster wat by pasie¨nte versamel word, kan die opsporingsperke waarskynlik
bereik word, wat vinnige diagnose moontlik maak. Aangesien die bacilli geneig is om aan
polimeriese oppervlaktes te heg, is ’n hoe¨ oppervlak tot volume, veselagtige, matriks van
belang.
In hierdie studie is verskeie metodes ondersoek om die oppervlak van politileentereftalaat (PET)
mikrovesels met ’n biologiese entiteit doelgerig te maak, om so die konsentrasie van TB bacilli
in ’n monster te konsentreer.
Die entiteit van belang was ’n lektien gebaseerde bindingsgroep, naamlik Concanavalin A
(Con A). Con A het ’n affiniteit vir die mannose groepe op die Mtb selwand. Deur hierdie
funktionalisering van die vesels is ’n substraat geskep wat potensiee¨l kan dien as ’n konsentrasie-
en vasvang- platform vir die Mtb-bacilli. Dit volg dat, aangesien hierdie soort vesels algemeen
gebruik word as deppers om monster te neem, ’n Mtb-spesifieke depper geskep kan word vir
gebruik in die wangholte. Dit sal die bacilli-versameling bemiddel, wanneer ’n monster van die
mondslymvlies van ’n pasie¨nt geneem word.
Affiniteitstudies tussen die gemodifiseerde PET-mikrovesels en ’n verswakte stam van
Mikobakterium bovis, naamlik die basil van Calmette-Gue´rin (BCG) is uitgevoer. Die BCG stam
wat gebruik is, het n fluoresserende proteı¨en-indikator bevat, naamlik mCherry-BCG. Hierdie
studies is ook uitgevoer as n funksie van reeks verdunnings, om die Mtb-onderskeppingsvermoe¨
van die aangepaste substrate te evalueer. Die suksesvolle verstrengeling van BCG deur
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die substrate is bevestig met behulp van konfokale fluoressensiemikroskopie en skandering-
elektronmikroskopie. Hierdie studies het bevestig dat al die oppervlak gefunksioneerde
substrate daartoe in staat was om die bakteriee¨ suksesvol vas te vang. Dit was moontlik
selfs tot en met kultuurkonsentrasies wat ver onder die opsporingsdrempel van sputum-smeer-
mikroskopie val. Die oppervlak-modifikasie wat die beste resultate gelewer het vir BCG-
onderskepping was ’n kruisgekoppelde proteı¨en-aggregaat afgeleide, wat kovalent gebind was
aan die oppervlak van die vesel, deur middel van Pentaan-1,5-dialdehied.
VI
Stellenbosch University  https://scholar.sun.ac.za
Table of Contents
Acknowledgement II
Abstract III
Opsomming V
Table of Contents VII
List of Figures X
List of Schemes XIV
List of Tables XV
Acronyms and Abbreviations XVIII
1 Prologue 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Layout of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Chapter 1 - Prologue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Chapter 2 - Historical and theoretical background . . . . . . . . . . . . . . . . . . . . 3
Chapter 3 - Surface functionalisation and characterisation of PET microfibres . . . . . 3
Chapter 4 - Aminated PET microfibre activation for Concanavalin A immobilisation . . 4
Chapter 5 - Affinity studies between microfibrous substrates and mycobacteria . . . . 4
Chapter 6 - Conclusions and recommendations . . . . . . . . . . . . . . . . . . . . . 4
1.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2 Historical and theoretical background 7
2.1 Tuberculosis: A general overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.1 Infection and spread of the disease . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.1.2 Paediatric tuberculosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
VII
Stellenbosch University  https://scholar.sun.ac.za
TABLE OF CONTENTS
2.2 Diagnosis of tuberculosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 Mycobacterium tuberculosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.1 The role of lipoarabinomannan in Mtb/host interactions . . . . . . . . . . . . . . . . 11
2.4 Concanavalin A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.5 Mtb detection by oral swab . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.5.1 Adhesion based buccal swabs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.5.1.1 Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.5.1.2 Sample preservation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5.1.3 Training patients, including children, to produce sputum correctly . . . . . 16
2.6 Poly(ethylene terephthalate) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.7 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3 Surface functionalisation and characterisation of PET microfibres 29
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2 Selective surface degradation of PET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2.1 Material limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.1.1 Surface morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.1.2 Extent of surface modification reaction . . . . . . . . . . . . . . . . . . . . 33
3.2.1.3 Fibre logistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.3 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3.2 Characterisation techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.3.2.1 Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.3.2.2 Scanning electron microscopy (SEM) . . . . . . . . . . . . . . . . . . . . 36
3.3.2.3 Energy dispersive X-ray spectrometer (EDX) . . . . . . . . . . . . . . . . 36
3.3.2.4 Ninhydrin test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3.3 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3.3.1 Annealing PET fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3.3.2 Surface glycolysis of PET fibres (PET-OH) . . . . . . . . . . . . . . . . . . 37
3.3.3.3 Surface amination of PET fibres (PET-NH2) . . . . . . . . . . . . . . . . . 38
3.3.3.4 Reactive dye staining of PET-OH . . . . . . . . . . . . . . . . . . . . . . . 39
3.3.3.5 Acid dye staining of PET-NH2 . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.4.1 Poly(ethylene terephthalate) (PET) fibres . . . . . . . . . . . . . . . . . . . . . . . 40
3.4.1.1 Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
VIII
Stellenbosch University  https://scholar.sun.ac.za
TABLE OF CONTENTS
3.4.2 Glycolysis of PET (PET-OH) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.4.2.1 Reactive dye stain test . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.4.2.2 Scanning electron Microscopy (SEM) . . . . . . . . . . . . . . . . . . . . 43
3.4.3 Amination of PET (PET-NH2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.4.3.1 Ninhydrin test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.4.3.2 Acid dye stain test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.4.3.3 Energy dispersive X-ray spectroscopy (EDX) . . . . . . . . . . . . . . . . 46
3.4.3.4 Scanning electron Microscopy (SEM) . . . . . . . . . . . . . . . . . . . . 48
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4 Aminated PET microfibre activation for Concanavalin A immobilisation 52
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2.2 Characterisation techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2.2.1 Confocal fluorescence microscopy (CFM) . . . . . . . . . . . . . . . . . . 54
4.2.2.2 Correlative light-electron microscopy (CLEM) . . . . . . . . . . . . . . . . 54
4.2.2.3 Horseradish peroxidase assay (HRP) . . . . . . . . . . . . . . . . . . . . 55
4.2.3 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.2.3.1 GA activation of PET-NH2 fibres (PET-NH-GA) . . . . . . . . . . . . . . . 55
4.2.3.2 Con A immobilisation onto GA activated PET fibres (PET-NH-GA-Con A) . 56
4.2.3.3 DSC activated PET-NH2 (PET-NH-DSC) . . . . . . . . . . . . . . . . . . . 57
4.2.3.4 Con A immobilisation onto DSC activated PET fibres (PET-NH-DSC-Con A) 58
4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.3.1 GA activation of PET-NH2 (PET-NH-GA) . . . . . . . . . . . . . . . . . . . . . . . . 59
4.3.1.1 CFM detection of GA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.3.2 Con A immobilisation onto PET-NH-GA (PET-NH-GA-Con A and PET-NH-GA-CLPA) 63
4.3.2.1 ATR-FTIR spectroscopy detection of immobilised Con A . . . . . . . . . . 63
4.3.2.2 CFM detection of immobilised Con A . . . . . . . . . . . . . . . . . . . . . 65
4.3.2.3 SEM detection of immobilised Con A . . . . . . . . . . . . . . . . . . . . . 68
4.3.2.4 CLEM detection of immobilised Con A . . . . . . . . . . . . . . . . . . . . 70
4.3.2.5 Horseradish peroxidase assay . . . . . . . . . . . . . . . . . . . . . . . . 77
4.3.3 DSC activation of PET-NH2 (PET-NH-DSC) . . . . . . . . . . . . . . . . . . . . . . 78
4.3.4 PET-NH-DSC-Con A and PET-NH-DSC-CLPA . . . . . . . . . . . . . . . . . . . . . 79
4.3.4.1 ATR-FTIR spectroscopy detection of immobilised Con A . . . . . . . . . . 80
4.3.4.2 SEM detection of immobilised Con A . . . . . . . . . . . . . . . . . . . . . 82
IX
Stellenbosch University  https://scholar.sun.ac.za
TABLE OF CONTENTS
4.3.4.3 Horseradish peroxidase assay . . . . . . . . . . . . . . . . . . . . . . . . 83
4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5 Affinity studies between microfibrous substrates and mycobacteria 87
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.2.1 mCherry-BCG culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2.2 mCherry-BCG affinity study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2.3 mCherry-BCG dilution study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.2.4 Average surface area calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.3.1 mCherry-BCG affinity study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.3.2 mCherry-BCG dilution study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
6 Conclusions and recommendations 102
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
6.1.1 Selective degradation of PET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
6.1.2 Surface activation with glutaraldehyde and subsequent Con A immobilisation . . . . 103
6.1.3 Surface activation with N,N’-Disuccinimidyl carbonate and subsequent Con A
immobilisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.1.4 Affinity studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.2 Recommendations for future research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.2.1 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.2.2 Material selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.2.3 Affinity studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
X
Stellenbosch University  https://scholar.sun.ac.za
List of Figures
2.1 Schematic representation of the cell envelope of Mtb. The components include the (A) plasma
membrane, (B) peptidoglycans, (C) arabinogalactan, (D) mannose-capped lipoarabinomannan,
(E) plasma membrane- and cell envelope-associated proteins, (F) mycolic acids and (G)
glycolipid surface molecules associated with the mycolic acids. . . . . . . . . . . . . . . . 13
2.2 Monomer unit of poly(ethylene terephthalate). . . . . . . . . . . . . . . . . . . . . . . . . 17
3.1 (a) SEM micrographs of a sectioned PET fibre. (b) Enlargement of (a). . . . . . . . . . . . 32
3.2 Conformations of polymer chains at the surface of a PET fibre. . . . . . . . . . . . . . . . 33
3.3 (a) Three-dimensional model of the glass tripod used to secure PET microfibres during
functionalisation and activation reactions. (b) Picture of actual device used, (c) fibres secured
onto the tripod and (d) the secured fibres inside the Schlenk tube reaction vessel. . . . . . 35
3.4 FTIR spectra of (a) microfibres comprised of 40% virgin PET and 60% recycled PET (b)
pristine PET. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.5 PET surface glycolysis product (PET-OH). . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.6 Grey scale assessment of the colour change observed for (a) un-dyed virgin PET microfibres,
(b) reactive dye treated virgin PET fibres and (c) reactive dye treated PET-OH fibres. . . . 42
3.7 SEM micrographs of (a) Virgin PET and (b) PET-OH fibres. . . . . . . . . . . . . . . . . . 43
3.8 PET surface amination product (PET-NH2). . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.9 Grey scale assessment of the colour change observed for (a) un-dyed PET microfibres, (b)
Leavaset Blue 2R dye treated PET fibres and (c) dye treated PET-NH2 fibres. . . . . . . . 46
3.10 Average weight % nitrogen present in a virgin PET sample and an aminated PET sample
(PET-NH2). Error bars correspond to standard deviation. . . . . . . . . . . . . . . . . . . 47
3.11 SEM micrographs of (a) Virgin PET and (b) PET-NH2 fibres. . . . . . . . . . . . . . . . . . 48
4.1 Chemical surface structures of Con A functionalised PET fibres prepared in this study. . . 53
4.2 Surface activation of PET-NH2 with glutaraldehyde (PET-NH-GA) . . . . . . . . . . . . . . 59
XI
Stellenbosch University  https://scholar.sun.ac.za
LIST OF FIGURES
4.3 Maximum intensity projected z-stack (40 × magnified) CFM images of (row a) virgin PET,
(row b) PET-NH2 and (row c) PET-NH-GA. Columns 1-4 represent the fluorescent signals
produced by (1) excitation by 405 & 561 nm laser and detected at 472-526 and 576-735 nm
as well as by T PMT filter, (2) excitation by 561 nm laser and detection between 576-735 nm
(3) excitation by 405 nm laser and detection between 472-526 nm and (4) overlay of (2 & 3). 62
4.4 (a) Con A immobilised onto a GA activated surface (PET-NH-GA-Con A) and (b) CLPA
derivative of PET-NH-GA-Con A (PET-NH-GA-CLPA). . . . . . . . . . . . . . . . . . . . . 63
4.5 FTIR spectral correlation of Con A immobilisation by aid of GA activation. . . . . . . . . . 64
4.6 Maximum intensity projected z-stack (40 × magnified) CFM images of (row a) PET-NH-GA,
(row b) PET-NH-Con A and (row c) PET-NH-GA-CLPA. Columns 1-4 represent the fluorescent
signals produced by (1) excitation by 405 & 561 nm laser and detected at 472-526 and
576-735 nm as well as by T PMT filter, (2) excitation by 561 nm laser and detection between
576-735 nm (3) excitation by 405 nm laser and detection between 472-526 nm and (4) overlay
of (2 & 3). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.7 Con A-FITC molecular structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.8 Maximum intensity projected z-stack (40 × magnified) CFM images of (row a) PET-NH2
treated with Con A-FITC, (row b) PET-NH-GA-CON A-FITC and (row c) PET-NH-GA-CLPA-FITC.
Columns 1-3 represent the fluorescent signals produced by (1) excitation by 488 nm laser
and detection by T PMT filter, (2) excitation by 488 nm laser and detection between 499 and
579 nm (3) overlay of (1) & (2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.9 SEM micrographs of (a) PET-NH2 treated with Con A (b) PET-NH-GA, (c) PET-NH-GA-Con A
and (d) PET-NH-GA-CLPA fibres. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.10 SEM micrograph of the area of interest in Figure 4.9 (d). . . . . . . . . . . . . . . . . . . . 70
4.11 (1) Maximum intensity projected z-stack (40 × magnified) CFM images of PET-NH-GA-CLPA,
(2) SEM micrograph of the CFM image area, (3) correlative image produced from overlaying
(1) & (2) and (4) marked areas of interest on (3). . . . . . . . . . . . . . . . . . . . . . . . 71
4.12 SEM micrographs of marked areas (a)-(e) on Figure 4.11. . . . . . . . . . . . . . . . . . . 72
4.13 Maximum intensity projected z-stack (40 × magnified) CFM images of PET-NH-GA-Con A,
(2) SEM micrograph of the CFM image area, (3) correlative image produced from overlaying
(1) & (2) and (4) marked areas of interest on (3). . . . . . . . . . . . . . . . . . . . . . . . 73
4.14 SEM micrographs of marked areas (a)-(d) on Figure 4.13. . . . . . . . . . . . . . . . . . . 73
4.15 (1) Maximum intensity projected z-stack (40 × magnified) CFM images of PET-NH-GA, (2)
SEM micrograph of the CFM image area, (3) correlative image produced from overlaying (1)
& (2) and (4) marked areas of interest on (3). . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.16 SEM micrographs of marked areas (a)-(c) on Figure 4.15. . . . . . . . . . . . . . . . . . . 74
XII
Stellenbosch University  https://scholar.sun.ac.za
LIST OF FIGURES
4.17 (1) Maximum intensity projected z-stack (40 × magnified) CFM images of PET-NH2 treated
with Con A, (2) SEM micrograph of the CFM image area, (3) correlative image produced
from overlaying (1) & (2) and (4) marked areas of interest on (3). . . . . . . . . . . . . . . 76
4.18 SEM micrographs of marked areas (a)-(c) on Figure 4.17. . . . . . . . . . . . . . . . . . . 76
4.19 The colour change of an ABTS substrate observed for (a)PET-NH2, (b) PET-NH-GA-Con A
and (c) PET-NH-GA-CLPA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.20 N,N’-Disuccinimidyl carbonate (DSC) molecular structure. . . . . . . . . . . . . . . . . . . 78
4.21 DSC activated PET-NH2 surface (PET-NH-DSC). . . . . . . . . . . . . . . . . . . . . . . . 79
4.22 Con A immobilised onto a PET-NH-DSC surface (PET-NH-DSC-Con A). . . . . . . . . . . . 80
4.23 FTIR spectral correlation of Con A immobilisation by aid of DSC activation. . . . . . . . . . 81
4.24 SEM micrographs of (a) PET-NH2 treated with Con A (b) PET-NH-DSC, (c) PET-NH-DSC-Con
A and (d) PET-NH-DSC-CLPA fibres. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.25 The colour change of an ABTS substrate observed for (a)PET-NH2, (b) PET-NH-DSC-Con A
and (c) PET-DSC-GA-CLPA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.1 Chemical surface structures of the functionalised PET microfibres used for affinity tests with
mCherry-BCG. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2a Maximum intensity projected z-stack (100 ×magnified) CFM images of PET-NH2, PET-NH-GA-
Con A and PET-NH-GA-CLPA incubated with mCherry-BCG with an OD600 of 2.0. Left hand
side images represent fluorescent signals produced by excitation with a 561 nm laser and
detected at 622 nm. Right hand side images represent the combination of residual signals
detected by the T PMT filter as well as the images on the left. . . . . . . . . . . . . . . . . 92
5.2b Maximum intensity projected z-stack (100 × magnified) CFM images of PET-NH-DSC-Con
A and PET-NH-DSC-CLPA incubated with mCherry-BCG with an OD600 of 2.0. Left hand
side images represent fluorescent signals produced by excitation with a 561 nm laser and
detected at 622 nm. Right hand side images represent the combination of residual signals
detected by the T PMT filter as well as the images on the left. . . . . . . . . . . . . . . . . 93
5.3 SEM micrographs of PET-NH2, PET-NH-GA-Con A, PET-NH-GA-CLPA, PET-NH-DSC-Con A
and PET-NH-DSC-CLPA incubated with mCherry-BCG with an OD600 of 2.0. . . . . . . . . 94
5.4a Maximum intensity projected z-stack (100 × magnified) CFM images of (row a) PET-NH2,
(row b) PET-NH-GA- Con A and (row c) PET-NH-GA-CLPA incubated with mCherry-BCG
with an OD600 of 0.3 (column 1), 0.03 (column 2) and 0.003 (column 3). All images represent
fluorescent signals produced by excitation with a 561 nm laser and detected at 622 nm,
overlaid with T PMT filter data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
XIII
Stellenbosch University  https://scholar.sun.ac.za
LIST OF FIGURES
5.4b Maximum intensity projected z-stack (100 × magnified) CFM images of (row d) PET-NH-DSC-
Con A and (row e) PET-NH-DSC-CLPA incubated with mCherry-BCG with an OD600 of 0.3
(column 1), 0.03 (column 2) and 0.003 (column 3). All images represent fluorescent signals
produced by excitation with a 561 nm laser and detected at 622 nm, overlaid with T PMT
filter data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
XIV
Stellenbosch University  https://scholar.sun.ac.za
List of Schemes
3.1 PET surface degradation reaction by means of (a) glycolysis with ethylene glycol or (b)
amination with ethylenediamine. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2 Base catalysed glycolysis of PET. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.3 Amination of PET. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.4 Sequential ester cleavage events and their corresponding products. . . . . . . . . . . . . . 44
4.1 Dimeric GA activation of primary amine groups. . . . . . . . . . . . . . . . . . . . . . . . 56
4.2 Immobilisation of Con A onto a GA activated PET surface. . . . . . . . . . . . . . . . . . . 57
4.3 DSC activation of primary amine and hydroxyl groups. . . . . . . . . . . . . . . . . . . . . 58
4.4 Immobilisation of Con A onto a DSC activated PET surface. . . . . . . . . . . . . . . . . . 58
4.5 Summary of the possible forms of glutaraldehyde in aqueous solution. Bordered is the
bicyclic derivative used for amine coupling throughout this study. . . . . . . . . . . . . . . . 60
4.6 Reaction of bicyclic GA with PET-NH2 and α-amine on Con A. . . . . . . . . . . . . . . . . 60
4.7 DSC mediated activation of a hydroxyl and amine rich PET surface followed by an immobilisation
event. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
XV
Stellenbosch University  https://scholar.sun.ac.za
List of Tables
3.1 FTIR spectral absorption bands of PET. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.1 FTIR spectral absorption bands of Con A. . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
XVI
Stellenbosch University  https://scholar.sun.ac.za
Acronyms and Abbreviations
Mtb Mycobacterium tuberculosis
ABTS 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
ATR-FTIR Attenuated total reflectance Fourier transform infrared
ATR Attenuated total reflectance
BCG Bacillus of Calmette-Gue´rin
CFM Confocal fluorescence microscopy
CFU/mL Colony-forming units per milliletre
CLEM Correlative light-electron microscopy
CLPA Cross-linked protein aggregate
Con A Concanavalin A
DIEA Diisopropylethylamine
DNA Deoxyribonucleic acid
DSC N,N’-disuccinimidyl carbonate
EDX Energy dispersive X-ray spectroscopy
FITC Fluorescein isothiocyanate
GA Glutaraldehyde
HIV Human immunodeficiency virus
HRP Horseradish peroxidase
KCN Potassium cyanide
XVII
Stellenbosch University  https://scholar.sun.ac.za
Acronyms and Abbreviations
LAM Lipoarabinomannan
LED Light-emitting diode
ManLAM Mannose-capped lipoarabinomannan
NHS N-hydroxysuccinimide
OD600 Optical density measured at 600 nm
PBS Phosphate buffered saline
PET Poly(ethylene terephthalate)
PIMs Phosphatidylinositol mannosides
SEM Scanning electron microscopy
T PMT Transmitted photomultiplier tube
TB Tuberculosis
THF Tetrahydrofuran
WHO World Health Organisation
CIE International Commission on Illumination
XVIII
Stellenbosch University  https://scholar.sun.ac.za
Chapter 1
Prologue
1.1 Introduction
Tuberculosis (TB) is amongst the oldest of humankind’s plagues, as even the earliest of humanoids
suffered from its onslaught millennia ago1. The bacterial agents responsible for this disease belong to
the Mycobacterium tuberculosis (Mtb) complex, and may be ranked amidst the most successful human
pathogens2. It follows that the incessant struggle of humans and the pathogen throughout the ages, has led
to it developing extensive mechanisms to prevent its detection and eradication by the immune system3.
The disease is most prevalent in developing countries, with over 95% of deaths occurring in low- and
mid-range income countries4. A repetitive cycle is caused by the fact that the most sensitive methods for
TB diagnosis are not available to the countries most burdened by the disease5. As such, sputum smear
microscopy remains to be the workhorse of diagnosis in these settings6. Consequently, this technique
has seen several improvements over the years, leading to increases in sensitivity and diagnostic rate,
while decreasing the strain on analysts7. The advent of fluorescence microscopy alone led to a 10%
increase in sensitivity, compared to conventional microscopy8-10. The lowest limit of detection achievable is
in the vicinity of 104 colony-forming units per milliletre (CFU/mL)11,12. This sensitivity further decreases
as sample quality deteriorates, which is typically the case with paediatric and human immunodeficiency
virus (HIV)-coinfected patients13. The eventual outcome of this limited sensitivity is a large number of
undiagnosed or even misdiagnosed patients14. In addition, diagnosis in children is even further hampered,
owing to the absence of a diagnostic gold standard15. This entails detection of Mtb by means of either
culture or molecular methods6. Accordingly, the disease in children often goes undiagnosed and ultimately
forms the reservoir for future infections16.
A means of addressing these issues is to incorporate a device, which is capable of increasing the sensitivity
of the most prevalent detection method in poverty stricken countries, namely sputum smear microscopy.
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This holds that the best quality of sample possible, needs to be collected from the patients17. Using
sputum as a sample for this type of analysis is however challenging, due to several factors which include its
production and composition18,19. Hence, there is scope for a means of sample collection and concentration
which is safe, rapid, uniform, nonintrusive and yields high bacterial loading. The intended device should
therefore be able to extract Mtb bacteria predominantly, with little other material.
Fibrous polymeric materials are a logical basis for amplification, since they readily form the foundation of
several specimen collection swabs20. A typical sampling swab, exhibiting a microfibrous polyester bud,
is an ideal precursor for this intent. Also, its flocked structure and hydrophobic nature creates a suitable
adhesion surface for the mycobacterium bacilli21-23. In addition, polyester is an inert polymer, and does
not interfere with samples20. Its chemical structure, however, makes it favourable for subsequent chemical
modification24.
The repetitive ester and therefore carbonyl moiety of the polymer makes it susceptible to chemical
modification by nucleophilic attack25. This can be exploited to facilitate the covalent attachment of
adhesion entities to the fibre surface. These entities can sequentially be utilised for selectively binding to
target components on the Mtb cell wall. In this way, an Mtb cell binding ability can be imparted onto a
well-established means of sample collection.
1.2 Objectives
The rationale of this work, was to develop and evaluate the efficiency of a polyester based affinity substrate
for Mtb. The substrate was intended for use as a buccal swab, with the ability to capture and concentrate
the pathogenic bacteria from the sputum or oral mucosa of patients. For this purpose, poly(ethylene
terephthalate) (PET) microfibers were chosen as precursor polymeric scaffolds for the attachment of the
adhesin protein, Concanavalin A (Con A). Con A was chosen as a functionality, due to its known affinity for
the cell wall of the virulent members of the Mtb complex26. The Mtb capture potential of the modified fibres
were to be evaluated by means of affinity towards mycobacterium bovis bacillus Calmette-Gue´rin (BCG).
The objectives for this study can, therefore, be summarised as follows:
1. To generate and characterise surface functionalities on PET parent polymer, by means of selective
degradation reactions:
(a) Amination of PET (PET-NH2)
(b) Glycolysis of PET (PET-OH)
2
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2. The activation of functionalised surfaces with bifunctional bioconjugate molecules glutaraldehyde
(GA) and N,N’-Disuccinimidyl carbonate (DSC).
(a) Aminated PET treated with GA (PET-NH-GA)
(b) Aminated PET treated with DSC (PET-NH-DSC)
3. To immobilise the adhesin molecule Con A onto the activates surfaces, along with sequential treatment
to form cross-linked protein aggregate derivatives.
(a) Con A immobilised onto GA activated PET-NH2 (PET-NH-GA-Con A)
(b) Cross-linked protein derivative of PET-NH-GA-Con A (PET-NH-GA-CLPA)
(c) Con A immobilised onto DSC activated PET-NH2 (PET-NH-DSC-Con A)
(d) Cross-linked protein derivative of PET-NH-DSC-Con A (PET-NH-DSC-CLPA)
4. To evaluate Mtb capture ability of the adhesin functionalised fibres against a suitable control. BCG
would be used as a non-pathogenic Mtb-mimic.
1.3 Layout of thesis
Chapter 1 - Prologue
A brief introduction to the study is provided, along with an overview of the specific aims. The presented
objectives in this study are also discussed.
Chapter 2 - Historical and theoretical background
A literature based overview is provided, discussing the theoretical and historical background of some of the
aspects covered in this thesis.
Chapter 3 - Surface functionalisation and characterisation of PET microfibres
In this chapter PET surface functionalisation techniques are introduced, and the difficulties of imparting
functionalities to fibrous media are discussed. Following this, glycolysis and amination of PET fibres are
discussed and the detection of the new functionalities is described.
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Chapter 4 - Aminated PET microfibre activation for Concanavalin A immobilisation
The use of bioconjugate molecules to activate solid substrates is described. This is followed by a discussion
on the activation of amine functionalised PET fibres, and subsequent protein immobilisation onto these
fibres. Finally, the characterisation of the various fibre derivatives is discussed.
Chapter 5 - Affinity studies between microfibrous substrates and mycobacteria
A concise background is given of the adhesion type interactions between bacteria and material surfaces.
Following this, the Mtb capture ability of the fibres is evaluated and discussed with regards to their affinity
towards BCG.
Chapter 6 - Conclusions and recommendations
An overview of the conclusions reached throughout this study is given, in addition to the challenges
encountered and possible solutions for future work.
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Chapter 2
Historical and theoretical background
2.1 Tuberculosis: A general overview
Tuberculosis (TB), is an infamous infectious disease which has been afflicting human existence for millennia.
While this malicious disease can be present in individuals as an extrapulmonary disease, it is most commonly
found as the more lethal pulmonary type1.
Presently the disease is no less of a burden, with the World Health Organisation (WHO) estimating it as the
cause of death for 10.4 million persons, which excludes the deaths of a further 0.4 million persons who
had also suffered from the human immunodeficiency virus (HIV), in 2015. This placed TB among the top
10 global causes of fatality in 2015. Accordingly, the WHO estimate that between 27.4-41.1% of the world
population were already infected with the latent form of Mycobacterium tuberculosis (Mtb) by that year,
having a lifetime risk of 5-15% of developing the active disease2.
As recorded in 2015, there were six countries which together made up about 60% of the estimated 10.4
million incident cases of TB in the world. These countries in increasing order were South Africa: (4%),
Pakistan (5%), Nigeria (6%), China (9%), Indonesia (10%) and India (27%)3. It is also no coincidence that
these countries have some of the highest global famine figures4, since there is a strong correlation between
malnutrition and the severity as well as the frequency of TB infections5,6.
In addition, these five countries, as well as several others with high TB incidences are strongly affected by
poverty3,7. This too is a well-documented relationship pertaining to the associated trademarks of poverty
such as poor living and working conditions, inadequate nutrient supply, overcrowding and finally a lack of
basic health care services8-10.
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2.1.1 Infection and spread of the disease
TB is transmitted as an airborne pathogen. It is introduced into the airspace when a patient with active
pulmonary TB aerosolises the bacilli by means of forceful expulsion of air from the lungs.
It follows that several respiratory activities, such as speaking, singing and breathing, are able to contribute to
the spread of the disease, while coughing is still assumed to be the prevalent means of Mtb aerosolisation11.
This is due to a cough entailing high shear inside of the intrathoracic airways. This occurs since these
airways collapse as part of the cough action, while high velocity air is forced through the narrowing path.
Accordingly, it is these high shear forces which are able to overcome the viscosity of mucus, leading to its
dislodgement and expulsion as an aerosol12.
Once an individual has been exposed to Mtb, the immune system can react in one of four ways13,14. In
the first instance, the immune system can fail to recognise and register an infection. This may occur in
cases of undernutrition, where the immune system is under stress and cannot act as an effective defence
mechanism9. If, however the immune response is potent and the bacilli are of low virulence, then the body
may become infected, but eventually clear the infection. Otherwise a latent infection may be developed,
where the bacilli are still present but contained. Finally, a person can develop progressive TB.
2.1.2 Paediatric tuberculosis
Amongst the estimated 10.4 million new TB cases in 2015, roughly 10% (1.0 million) were paediatric cases3.
It therefore follows that TB is amongst the top ten contributors to paediatric death figures15. TB resulted in
the death of 210 000 children in 2015, of which the patients in 40 000 cases had HIV positive status16.
These figures are likely an underestimate of the true paediatric TB burden, since many children develop
paucibacillary disease. In this case a sputum smear test returns a negative result17. This is due their
sputum not containing a bacillary population size greater than 104 colony-forming units units per milliletre
(CFU/mL), which is threshold of detection with acid-fast smears18-20. It is also often found that the children
who contract TB stem from disadvantaged communities. Therefore, these children suffer from poor access
to health care and consequently limited diagnostic techniques are available16.
The TB infection in children is different to that in adults. This is due to differences in their immunological and
patho-physical responses to the disease. In turn, this makes them more susceptible to developing active TB
after exposure to the bacterium21,22. That, amongst other factors, contribute to the difficulties surrounding
the diagnosis, treatment and prevention of TB in children6.
8
Stellenbosch University  https://scholar.sun.ac.za
2.2 Diagnosis of tuberculosis
Since children often develop paucibacillary disease and also lack the ability to invoke a cough with enough
force to aerosolise the Mtb pathogen23-24, they are generally less infectious and, therefore, considered less
of a health risk1,6,14,25. Nonetheless, diseased children along with children who have already recovered
from the primary disease, embody the source of future infections, since they still have the potential to
transmit the disease26.
It is because of the lower risk of infectivity that paediatric TB has historically not enjoyed the same priority
of focus from National TB Control Programmes as adult TB25. In accordance, recent efforts by the WHO
include the ’End TB Strategy’ which aims to essentially eradicate the disease by 2035, with paediatric TB
treatment being a key component to reaching this target3,16,27.
Accurate diagnosis of TB in children is a daunting task, and as such constrains predictions of global
paediatric TB cases. Owing to this, it was not until the 2012 Global Tuberculosis Report, that the WHO had
reported on the global burden of TB in children for the first time28,29.
Children and infants often show nonspecific symptoms which subsides upon antibiotic treatment. In
children, specimens are difficult to collect and the subsequent cultures as well as smears of Mtb are often
negative30-32. In a developed country such as the United States, cases where infants and children who
had moderate to severe pulmonary TB as radiographically diagnosed, were asymptotic, with respect to
commonly used diagnostic procedures30. In these cases, the children were only suspected to have TB by
contact tracing of an adult infected with the disease.
In developing countries, however, the difficulty of diagnoses of paediatric TB is hampered even more by
economic factors. In these cases, combinations of clinical features are investigated, in order to presumptively
diagnose paediatric TB. These include the tuberculin skin test, physical examination, contact history and
chest radiography32.
The impact of this is that in resource poor countries, who lack proper heath systems with up-to-date facilities
such as radiographic instruments and well-equipped laboratories, a large number of paediatric cases go
undiagnosed18. Accordingly, the true magnitude of the paediatric TB endemic and the mortality which
arises from it, is greatly underappreciated.
2.2 Diagnosis of tuberculosis
Up to this point, it can be concluded that TB is a serious health concern, which is easily transmitted and
especially difficult to detect. The slow development and absence of specific symptoms means patients
often don’t know they are ill, leading to subsequent spreading of the disease33-34. It is due to this that the
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pathogen is so long lived and effective, since the best method to eradicate it, is by promptly identifying and
treating it3,36.
To further complicate this, the countries most affected by the disease suffer from significant resource
constraints37. This means that diagnosis is primarily restricted to insensitive and outdated techniques,
with limited diagnostic utility such as the popular low cost acid-fast stained sputum smear microscopy
technique38. The result of which is a large number of undiagnosed or misdiagnosed patients.
Fortunately, this issue is being addressed, with several new techniques being developed which offer rapid,
accurate and convenient diagnosis of TB39. To some extent, this has been achieved with the advent of
Xpert MTB/RIF, a nucleic acid amplification tests platform40.
Xpert MTB/RIF combines sample preparation, amplification and the simultaneous detection of the Mtb
complex as well as the mutations which show resistance to a key treatment drug (rifampicin), all in less
than two hours41. While it holds several other admirable advantages, it still requires relatively expensive
equipment, with the prerequisite of needing a continuous source of energy and frequent equipment
calibration40. None the less, the gap which exists in resource limited countries, between the detection
methods required for accurate/rapid diagnosis, and the methods available is starting to shrink.
Enhancements have been made to the Xpert MTB/RIF equipment, with specific regards to its portability,
energy dependence and sensitivity40. It is also very likely that such enhancements will continue to be
made, until a product is achieved which falls within the parameters set for use in high incidence/ low income
settings.
However, advances in diagnostic techniques have not been limited to only Xpert MTB/RIF. Microscopy has
also evolved, seeing the replacement of the Ziehl-Neelsen stains with fluorescent dyes in conjunction with
fluorescent light-emitting diode (LED) microscopes42,43. Automation of these techniques have also been
established. All of this leads to increased sensitivity, as well as lowering the burden of the strenuous activity
on microscopists41. There are also new techniques which are entering the market, many showing promising
sensitivity and specificity.
Three prominent new candidates are Truenat MTB, EasyNAT Diagnostic Kit for Mycobacterium tuberculosis
Complex and The VereMTB assay. All of these technologies focus on making detection methods resource
independent and miniaturising it for easy portability, and succeed in doing so44-48. There are however
significant amounts of testing and data acquisition which need to be done in order to assess their potential
for TB control41.
Amongst all of the mentioned techniques and several other (though not all), there exists a common
denominator, namely sputum as the sample. This is a logical sample to collect for detection, since sputum
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is the secretion produced in the lungs during pulmonary infection. Accordingly, it typically contains high
counts of the bacteria.
Sputum, however, has several drawbacks, amongst which the prime contributors are its collection, safety to
healthcare personnel and variation in its composition, consistency and volume35,49,50. In addition, most
of a sputum sample is superfluous, with the main interest being either the bacteria itself or the bacterial
deoxyribonucleic acid (DNA).
It follows that a means of sample collection which is able to capture and concentrate Mtb bacilli from a
sample of bodily fluid, albeit sputum, would benefit the detection of TB. If in addition, such a platform could
consist of an easy to handle and store device, sample collection would gain reproducibility, uniformity in
composition and create a safer environment for collection and analysis.
2.3 Mycobacterium tuberculosis
The bacteria of the Mtb complex are responsible for TB in humans, with the Mtb species being the primary
cause51. Mtb is an immotile, aerobic, non-encapsulated bacillus which does not form spores14,52.
The cell wall of these bacilli is unique with regards to its high lipid content, which comprises 60% of the cell
wall53. These lipids are primarily mycolic acids (long-chain α-alkyl β-hydroxy fatty acids), and provides the
organism with a waxy, low permeability envelope53-55. It is due to this waxy outer layer that the bacteria
have a greater resistance against antibiotics, and are also resistant to Gram staining54,56. This waxy layer
then also grants the bacteria their hydrophobic character, as well as their tendency to aggregate57,58.
2.3.1 The role of lipoarabinomannan in Mtb /host interactions
The tenacious and intimate relation which exists between Mtb and its host infers evolution of the bacteria,
to the extent where it has developed mechanisms which prevent eradication by the immune system59.
Consequently, the pathogen has adapted to such an extent that it is able to replicate within phagocytic cells,
particularly the cell responsible for the eradication of microbes, namely the macrophages59. Therefore,
contraction of TB is thought to depend strongly on nonopsonic invasion as well as colonisation of
macrophages, following the primary infection brought on after the bacteria is inhaled60.
The entry of the mycobacterial cell is likely mediated by various receptors present on the surface of
the phagocytic cell, the receptors include C-type lectin, scavenger and complement receptors61. These
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receptors are able to recognise exclusive ligands expressed on the Mtb cell surface and accordingly facilitate
nonopsonic internalisation of mycobacteria in macrophages60,62,63.
Among the variety of C-type lectin receptors which are involved with mycobacterial uptake, are the mannose
receptor and the dendritic cell-specific intercellular adhesion molecule 3 grabbing nonintegrin61,64,65. The
importance of these receptors is their ability to recognise mannosylated molecules like mannose-capped
lipoarabinomannan (ManLAM) and phosphatidylinositol mannosides (PIMs) present in the pathogen’s cell
wall66.
The mannose receptors, specifically, are able to detect the presence of mannose, fructose and
N-acetylglucosamine fractions on the surfaces of pathogens and bind to them61. This is possible due to the
eight carbohydrate recognising domains present in this extracellular transmembrane protein, where each
domain possesses over C-type lectin properties60,67,68.
In addition, a pronounced component of the mycobacterial cell envelope is lipoarabinomannan (LAM), which
accounts for up to 0.5% of the bacterial cell weight69. This high molecular weight phosphatidylinositol-
anchored lipoglycan, consists of a mannan core with oligoarabinosyl-containing side-chains with in turn
relate to a diverse selection of biological activities70-73. Furthermore, all mycobacterium species poses
other variations in LAM structures, which can be classed into three architectures. One of these classes
is the ManLAM architecture, which is ubiquitous with the virulent strains of mycobacterium Erdman and
H37Rv and the avirulent strains H37Ra and bacillus of Calmette-Gue´rin (BCG)74,75. It is classified as such
due to the prevalence of α 1→ 2 mannose capped non- reducing arabinan termini (Figure 2.1), situated at
the cell surface73,76.
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Figure 2.1: Schematic representation of the cell envelope of Mtb. The components include the (A) plasma membrane, (B)
peptidoglycans, (C) arabinogalactan, (D) mannose-capped lipoarabinomannan, (E) plasma membrane- and cell
envelope-associated proteins, (F) mycolic acids and (G) glycolipid surface molecules associated with the mycolic acids76.
2.4 Concanavalin A
Concanavalin A (Con A) belongs to a family of carbohydrate-binding proteins called lectins77. Its name is
derived from its source of extraction namely Canavalia ensiformis (jack bean) and has the reputation of
being the most popular lectin for the characterisation as well as purification of sugar-containing molecules
and cells78. Con A has an affinity for anomers of D-mannose and D-glucose, being able to bind to them
with reasonable affinity79,80. When these molecules are accordingly present on a cell surface, Con A is able
to bind to it with high avidity. This is the case since the protein is a tetramer with four identical subunits,
each able to bind the carbohydrate targets81.
Since the slow growing mycobacteria, which include Mtb, Mycobacterium leprae, Mycobacterium bovis,
Mycobacterium avium, and Mycobacterium kansasii2,5,7-12, poses α 1→ 2 mannose residue capped
non-reducing arabinan termini of LAM, they are able to react with Con A73. It has in accordance been found
that styrene maleic anhydride nanofibres, which had been surface functionalised with Con A, showed affinity
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for BCG. Nanofibre mats consisting of these fibres were able to act as capture platform for the bacteria52.
In addition, there are 13 primary amines per Con A monomer (12 lysene residues and one N-terminus)
avaliable to facilitate its immobilisation onto a substrate, by the aid of bioconjugate molecules52,82-84. This
then suggests than one can make use of this protein to impart a carbohydrate affinity to an otherwise
unaffiliated polymeric material, giving it adhesion like properties for specific molecules and cells.
2.5 Mtb detection by oral swab
The diagnosis of pulmonary TB is still strongly dependent on the collection of sputum from patients85. This
relates to several diagnostic obstacles and limitations, which originate from the difficulties of acquiring
sputum as well as its varying composition and viscosity35,86. There is also the added danger of exposing
testing personnel to Mtb when they handle samples and are exposed to an environment where patients
have to produce sputum by means of coughing49.
As such, studies have been conducted to find safer and easier ways to handle alternative biomaterials, so
as to aid in the diagnosis of pulmonary TB. However, sputum remains to be the optimal sample type38,86-94.
Nevertheless, a recent study has found that oral mucosa contains Mtb DNA, allowing for pulmonary TB
diagnosis from buccal swabs35. The basic principle behind this inspired research into adhesion based
buccal swabs, which are able to capture and concentrate the Mtb pathogen.
2.5.1 Adhesion based buccal swabs
Based on the transmission route of Mtb, which could imply migration from the lungs and gastrointestinal
tract into the oral cavities, there is a rationale behind speculating that some of the bacilli might accumulate
on the oral epithelium35. This was confirmed by the detection of Mtb DNA, by a polymerase chain reaction
test, in oral swabs taken from humans and primates35,95-97.
Mtb being bacterial cells, have evolved attachment mechanisms which allows them to adhere to one another,
objects in their environments as well as foreign objects98,99. As examples of this, Mycobacterium leprae
cells have shown interaction with nasal and alveolar epithelial cells100 and Mycobacterium avium cells in
turn have been found to interact with bronchial epithelium cells101.
Of parallel importance is the ability of mycobacteria to adhere to foreign objects. In a number of studies
done on the adherence and biofilm formation of nontuberculous mycobacteria on material surfaces as well
as polymer ”material”, it was found that the bacilli had a noticeable (although highly variable) affinity for the
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materials102. This variance was ascribed to a number of factors. A few of these were the bacterial species,
surface roughness, surface energy and the composition of the substrate102-106.
These phenomenon imply that TB sample acquisition can be improved by means of a buccal swab. One
method of doing this is by making use of adhesion based interactions with the bacilli. In such a case, the
swab matrix is able to bind to the mannose-containing phospholipids on the bacterial cell surface, thereby
entrapping them107-108. This concept is supported by a study which had been conducted to find the force
with which Con A binds to the glycopolymers on the surface of a single Lactobacillus plantarum cell109.
This study also expressed the occurrence of rapid non-specific interactions between the bacteria and a
hydrophobic surface.
It follows then, that a swab consisting of a hydrophobic polymer matrix, which has Con A covalently attached
to its surface, could entrap Mtb bacilli by means of adherence. Such swabs could then act not only as
capturing platforms for the bacteria, but also as a medium for the concentration of them in paucibacillary
cases.
2.5.1.1 Safety
Nosocomial transmission of Mtb from either patients or samples to laboratory and heath care personnel
is a serious issue110-112. A prominent contributor to these issues is the means of sample collection used.
When sputum is collected from patients by means of a sputum cup, the patients necessarily need to cough
in order to produce sputum. This means that several safety precautions need to be put in place to try and
avoid the spread of the disease during the execution of this procedure.
In developed countries with few patients, these requirements are easily met. In developing countries,
however, the precautions in place are rudimentary, which leads to an increase in the risk of transmission.
The situation becomes even more constrained during TB screening events, where large numbers of possible
TB patients come together at health care centres, and are asked to produce sputum samples. The reality is
that such settings do not always meet the necessary requirements.
It follows that if the necessary sanitation prerequisites cannot be met, the risk of transmission is increased37.
Since buccal swabs are used to swab the inside of the cheeks only, it does not result in the aerosolisation of
the bacterium and, therefore, reduces the risk of transmission35.
Sputum collection cups act as the transport medium from the point of exposure to the place of analysis, and
therefore require proper sterilisation by healthcare workers49,112. In addition, the ability to automate Mtb
detection from the swabs offers laboratory personnel further detachment from the infectious specimen113.
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2.5.1.2 Sample preservation
Due to the prevalent use of sputum as samples for the detection of pulmonary TB, there are typically
microorganisms other than mycobacteria present in the collected specimen37,85. Specimens should also
be refrigerated if they are going to be exposed to conditions which promote the growth of contaminating
organisms114. Failure to do so could lead to an overgrowth proliferation of the non-mycobacterial
contaminants37. Prolonged storage of samples at room temperature has been found to result in the
reduced recovery of the Mtb as well as heightened contamination rates115,116.
The above leads to significant issues with regards to the logistics surrounding the storage and transportation
of the samples, as well as the associated costs116,117. When using swabs, the impact on these logistical
and cost issues are lessened, since their containers take up less volume and weigh drastically less than
sputum sample cups118.
2.5.1.3 Training patients, including children, to produce sputum correctly
In order to obtain rapid and accurate test results from any of the TB diagnostic methods, high quality
specimens are a prerequisite, and rapid transport to a laboratory or refrigeration is vital49. This is of
particular importance for molecular detection methods, where the volume of collected sputum directly
impacts upon the test sensitivity49,119.
Health care workers must be properly trained to coach patients on providing proper sputum samples. This
involves techniques for producing a cough, which necessarily implies aerosol production by the patient, and
therefore must be conducted in a manner which does not hamper the safety of the health care worker37. It
is also not uncommon for children up to the age of 12 years to have difficulty producing sputum. In such
cases, the typical route to follow is a gastric aspirate in order to collect the necessary specimen114.
These are only some of the reasons why other viable methods of sample collection have been investigated.
Buccal swabs are one such alternative and avoid many of the prior mentioned obstacles. The collection
procedure entails swabbing of the inside of the patient’s cheeks approximately ten times, collecting both
oral epithelium cells and saliva114.
This not only means that less time needs to be spent in the presence of TB patients, but in addition the
chance of producing a less-ideal specimen is reduced. According to Wood et al. buccal swabs vary from
sputum samples in that they have smaller, but more constant sample volumes, and their composition is
more uniform and less viscous. They suggest that this could lead to the implementation of more affordable
point-of-care diagnostic techniques. These are currently under development. This may in turn result in more
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accurate diagnosis in paediatric cases, without the need to follow the procedures for inducing sputum or
gastric aspiration35.
2.6 Poly(ethylene terephthalate)
Poly(ethylene terephthalate) (PET) is a low-cost thermoplastic with admirable mechanical properties, which
includes a high tensile strength and modulus, together with a high crystalline melting temperature (270
◦C)120-122. While predominantly chemically inert, there exist several methods of chemically modifying
materials comprised of PET121. The ability to do this, as well as with its moderate biocompatibility has made
PET particularly appealing to the medical research field123-126.
The ability to modify the polyester originates from the fact that in its simplest form, the polymer consists of
repetitive ester moieties (Figure 2.2). Most interconversion reactions of esters are effective at changing its
molecular composition. When difunctional molecules are used for these type of reactions, one can introduce
reactive functional groups onto a material surface. This allows for further modification of the substrate via
the latter mentioned groups.
Figure 2.2: Monomer unit of poly(ethylene terephthalate).
PET is generally produced on an industrial scale as a commercial plastic in various forms. One of these is
staple microfibre, commonly used in the textile industry, but also for sample collection swabs118. As such,
the final textile form of PET, which is needed for this study is readily available. In addition, these fibres are
produced to comply with certain standards, and as such makes for a universal-type product. This means
that the chemical reaction parameters used to surface modify these fibres, should be applicable across the
board for various PET based swabs.
The various properties of PET make it an ideal polymer to use as a scaffold for entities, which have an
affinity for Mtb. By taking advantage of this, buccal swabs can be created from PET microfibres that have
been surface functionalised with Con A. These swabs can then act as favourable adhesion surfaces for
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Mtb bacilli. There is also the added advantage that surface modification of these fibres influences their
water affinity properties. This allows for tailoring of the final fibrous composites moisture management.
This permits the environment for Mtb adhesion to be tailored. Conclusively, swabs composed of such a
material, will potentially promote the capture and concentration of Mtb bacilli when an oral mucosa sample
of a patient is taken.
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Chapter 3
Surface functionalisation and
characterisation of PET microfibres
3.1 Introduction
Poly(ethylene terephthalate) (PET) is a commercially available thermoplastic, sought after by several
industries, as a result of its physical and optical properties. Similar to other polyesters, its produced by
the reaction of dicarboxylic acids and diols. In the case of PET, the dicarboxylic acid is terephthalic acid
and the diol is ethylene glycol. It follows that the consequential recurrent ester entity, or more accurately
electrophilic carbonyl carbon moiety, makes PET material a prospective polymer in several regards other
than just the mere commonplace uses. The molecular structure of PET is inert to a broad spectrum of
chemical reactions, but the carbonyl groups do make it prone to nucleophilic attack. This is a property
which can be utilised to promote subsequent chemical modifications to these materials, while maintaining a
predominantly unreactive base polymer.
Surface functionalisation is one such modification of PET. This implies that the bulk chemical composition
of the original material remains unchanged, while the chemical properties at the surface of the material
can be markedly different1. The surface functionalisation of these polymers can be achieved by any one
of several methods such as the controlled breaking of ester bonds by means of amination2-8, enzymatic
treatment9, plasma treatment10, hydrolysis11 and several other techniques12-14, or by surface grafting
polymerisation15-23. Surface functionalisation does, however, not necessarily imply the formation of chemical
bonds between the material surface and the surface-active agent to be introduced. It is also possible to
physically immobilise the surface-active agent onto the polymer surface. This approach does not offer the
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durability chemical immobilisation does. As such, forming a covalent bond between the surface-active agent
and the polymer surface prevents leaching from the matrix, making this the preferred approach24,25.
PET modification is not limited to only surface modifications. The thermoplastic property permits bulk
functionalisation of the polymer in the molten state as well. The advantages of surface functionalisation
nevertheless often outweigh this option, primarily since it is a more practical approach at achieving a
tailored PET material. The physical properties of PET materials make them desirable, and while surface
modification leaves the physical properties largely unchanged, modification in the bulk will necessarily
influence the aforementioned properties. This obviously also means that the extent of surface modification
before the physical properties are negatively affected, is limited. This is because surface modification
is largely achieved through chain scission reactions. Modification in the bulk is limited to the point of
material failure, while surface modification is limited as a function of sample depth. If the requirement of
the modification is only for the part of the polymer in contact with the environment to be modified, then
modification of the bulk of the material is superfluous. Together with this, fewer amount of chemicals are
used during the surface functionalisation process26. Finally, surface reaction conditions are generally much
milder and easier to control than bulk reactions in the melt, since PET has a melting point in excess of 250
◦C.
In order to chemically immobilise surface-active agents onto the polymer surface, there must be reactive
groups present on both the material and the compound of interest24. Within the scope of this study, a
nucleophilic fibre surface was created, by the introduction of hydroxyl and primary amine groups. This
was achieved by reacting the material with glycol and diamine molecules respectively. Consecutively, the
surface-active agent to be immobilised was Concanavalin A (Con A), a protein with 13 reactive primary
amine substituent per molecule27,28.
In what follows, we report the selective surface degradation and characterisation of PET microfibres.
The general procedure entailed that the surface of the PET microfibres were solvent annealed preceding
treatment with difunctional nucleophilic molecules. The virgin PET microfibres were characterised using total
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy and scanning electron microscopy (SEM).
The treated fibres were characterised by selective dye staining, energy dispersive X-ray spectroscopy (EDX)
and SEM.
3.2 Selective surface degradation of PET
The chemically inert nature of PET means that materials comprised of the polymer are not easily chemically
modified. To introduce of functional groups onto the surface of such materials, therefore, requires cleavage
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of the polyester polymer chains. Due to the electrophilicity of the carbonyl group, this can be achieved
by exposing the polymer to a source of nucleophiles. Both primary amines and alcohols can be used for
this purpose. Primary amines being the more nucleophilic of the two, and producing less reactive amides
compared to esters as product, were preferentially used throughout this study29. Treating PET with either of
the two nucleophiles, results in a nucleophilic substitution reaction at polyester carbonyl carbon, leading
to the remainder of the PET chain being dislodged as a leaving group. As such polyester chain scission
occurs leading to the selective degradation of the material.
To create functional groups on a microfibrous PET surface, diamines and diols were used as the nucleophilic
molecules. One end of the molecule could then cleave the polymer chain, while the other remains available
for subsequent reactions. For the purposes of this study, ethylene glycol and ethylenediamine were used.
This lead to the presence of primary amine and hydroxyl functional groups on the fibre surfaces (Scheme
3.1) Once these functional groups are introduced, all subsequent reactions occur only at the functional
groups, leaving the bulk of the fibre unaffected.
Scheme 3.1: PET surface degradation reaction by means of (a) glycolysis with ethylene glycol or (b) amination with
ethylenediamine.
3.2.1 Material limitations
In addition to the substrate chemistry, several material properties also need to be accounted for, due to the
fibrous form of PET used. This is the case since all modification reactions intended would be biphasic, in
which the solid fibre phase would necessarily occupy a large volume. This necessitates that the chemical
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reactions be conducted in a manner which ensures an equivalent experimental environment throughout the
study.
3.2.1.1 Surface morphology
Microfibres are produced by means of air drawing molten PET upon extrusion, followed by cold drawing the
fibres down to a desired fibre diameter. This has a pronounced effect on the morphology of the polymer
chains, resulting in their alignment parallel to the direction of drawing. This phenomenon can be observed
from the presence of several striations parallel to the fibre length; when viewing a SEM micrograph of a
sectioned fibre (Figure 3.1 a and b).
Figure 3.1: (a) SEM micrographs of a sectioned PET fibre. (b) Enlargement of (a).
This aligned morphology and particularly the parallel orientation of the polymer chains to the fibre surface,
acts as an inhibitor for degradation reactions. Consequently, this limits the maximum density of functional
groups achievable on the fibre surface. The occurrence can be explained by using Figure 3.2. The density
of functional groups increases when chains have a less parallel, but rather a more perpendicular orientation
with respect to the plane of the surface. This results in more chain segments being available for cleavage30.
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Figure 3.2: Conformations of polymer chains at the surface of a PET fibre30.
To remedy this, the polymer fibres were annealed in tetrahydrofuran (THF). This promotes relaxation and
accordingly reorientation of the polymer chains at the surface of the fibres, facilitating randomisation. This
random orientation makes more chain segments susceptible to nucleophilic attack and hence leads to
greater surface functional group densities.30
3.2.1.2 Extent of surface modification reaction
Since polymer chains are cleaved in order to yield functional groups, degradation of the substrate will
necessarily occur. It follows that reaction conditions need to be optimised to find a balance between the
concentration of functional surface groups and the integrity of the material as a whole. This becomes
especially pronounced as the surface area to volume ratio increases, as is the case of microfibres.
In addition, the yield of functional groups which can be achieved may vary with sample depth. This relates
to surface morphology, where the morphology of the polymer chains can vary as a function of depth. This
together with the issues highlighted in Section 3.2.1.1 can be solved by limiting the reagent concentration,
exposure time and reaction temperature.
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3.2.1.3 Fibre logistics
When working with high modulus fibres of sufficient length to entangle, several logistical issues prohibit
reproducible reaction conditions. Accordingly, these issues and their overall solution is discussed below.
When modifying loose fibres in solution, the fibres combine to form tightly knotted clusters. These clusters
can become dense enough to prevent sufficient penetration of solvents, and also prohibit stirring and later
washing.
Another problem relates to the volume occupied by the fibres and the interstitial spaces which exists
between them. Since the fibres have a large surface to volume ratio and are unbound, they necessarily
occupy a large volume. This limits reaction parameters to small sample size/large solvent volumes. In
addition, the spaces in between the fibres trap air inside, resulting in the presence of air pockets and the
exclusion of solvents.
It follows from the above-mentioned this that not all fibre segments can be equivalently treated while the
substrate is in its loose fibre form. To overcome these issues, the fibres were carded and loosely secured
onto a glass tripod (Figure 3.3). This could then be suspended in the reaction mixture, contained in a
Schlenk tube. The entrapment of air was circumvented by using low viscosity solvent systems.
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Figure 3.3: (a) Three-dimensional model of the glass tripod used to secure PET microfibres during functionalisation and activation
reactions. (b) Picture of actual device used, (c) fibres secured onto the tripod and (d) the secured fibres inside the Schlenk tube
reaction vessel.
3.3 Experimental
3.3.1 Materials
PET microfibres were donated by Propet SA (Pty) Ltd. The fibres had an average diameter of 10 µm,
density of 1.38 g/cm3 and were composed of 40% virgin and 60% recycled food grade PET. The production
process included air drawing of the fibres from molten state, upon extrusion from a spinneret, hereafter they
were drawn down to a desired diameter by means of counter rotating rollers.
The following chemicals were utilised in this part of the project: ethylene glycol (Merck, 99%), ethylenediamine
(Sigma-Aldrich, 99%), tetrahydrofuran (Merck), ethanol (Merck, 99%), hexane (Merck, 99%), hydrochloric
acid 32% (Merck), potassium tert-butoxide (Sigma-Aldrich, ≥98%).
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3.3.2 Characterisation techniques
3.3.2.1 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy
All Infrared spectra were collected with a NicoletTM iSTM 10 FT-IR from Thermo-Fischer. The instrument
had been equipped with Smart iTRTM, attenuated total reflectance (ATR) sampling accessory configured
with a diamond ATR crystal. The crystal had an incident angle of 42 ◦, refractive index of 2.4 and enabled a
penetration depth of 2.03 µm.
Spectra were produced from 64 individual scans, with a spectral resolution of 4 cm-1 recorded in the range
of 4000 cm-1 to 650 cm-1. Thermo-Fischer Scientific Inc. Omnic 8.1 software was used for data acquisition
and processing, which included baseline correction. Samples were analysed in the solid state, requiring no
preparation.
3.3.2.2 Scanning electron microscopy (SEM)
SEM micrographs were collected with the aid of a Zeiss MERLIN Scanning Electron Microscope. For every
sample analysed, the fibres were secured onto an 8 x 10 mm square of double sided carbon tape and
mounted on SEM specimen stubs. Subsequently the fibres were coated with gold sputter under vacuum
with an Edwards S15OA Sputter Coater. This coating was applied in order to make the sample surfaces
electrically conductive. Micrographs were attained with Zeiss SmartSEM software.
3.3.2.3 Energy dispersive X-ray spectrometer (EDX)
EDX analysis was performed with the use of a ZEISS EVO MA15VP SEM instrument. This analysis allowed
for the semi-quantitative detection of nitrogen moieties on the surface of PET fibres. A boron hydride
standard was selected as a reference standard for nitrogen. Sample preparation was similar to that of SEM,
where the only difference was a carbon coating of the samples, rather than a gold coating. The carbon
coating was produced by means of carbon rod evaporation under vacuum, enabled by a Quorum Q150T E
Turbo-Pumped Sputter Coater/ Carbon Coater.
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3.3.2.4 Ninhydrin test
A ninhydrin test was performed on the PET-NH2 microfibres to confirm the presence of primary amine
groups. Since the test returned a positive result, it could not subsequently be used to confirm the presence
of immobilised protein on the fibre surface.
The test was performed by placing a 0.5 mg fibre sample in a test tube, to which 100 µL of ninhydrin in
ethanol (500 mg ninhydrin in 10 mL 95% absolute ethanol), 100 µL phenol in ethanol (40 mg phenol in 10
mL 95% absolute ethanol) and 50 µL KCN in pyridine (2 mL 0.001M KCN solution in distilled water, diluted
to 100 mL with distilled pyridine) was added. Thereafter, a glass marble was placed over the opening of the
tube and the mixture heated to 80 ◦C for 5 minutes. A colour change from colourless to Ruhemann’s purple
confirmed the presence of primary amine groups. The colour change was compared to the control fibre
study which consisted of virgin PET, and did not indicate any colour change.
3.3.3 Experimental Procedures
3.3.3.1 Annealing PET fibres
PET micro-fibres (about 1 g) were carded and mounted on a glass tripod. The tripod was then submerged
in THF contained in a Schlenk tube. These fibres were then allowed to anneal for three days at 30 ◦C under
constant stirring. Thereafter, the fibres were washed with ethanol followed by hexane to remove the majority
of THF from the fibres. The mounted fibres were placed in a vacuum oven at 50 ◦C and allowed to dry for
two hours under vacuum.
3.3.3.2 Surface glycolysis of PET fibres (PET-OH)
Annealed and mounted PET micro-fibres (0.75 g) were submerged in a nitrogen purged 0.60 M potassium
tert-butoxide in ethylene glycol solution. After 4 hours of reacting at 30 ◦C under constant magnetic stirring,
the fibres were washed with ethylene glycol, water (two aliquots), 0.1 M HCl (two aliquots), water (two
aliquots), ethanol and hexane. Thereafter, the fibres were allowed to dry for 16 hours in a vacuum oven at
50 ◦C under vacuum. This procedure for the introduction of hydroxyl groups onto a PET surface, is based
on a method described in the work of Chen et al30.
The reaction which takes place is a base catalysed transesterification of PET with ethylene glycol (Scheme
3.2). A nucleophilic substitution takes place at one of the PET carbonyl carbons at the surface of the fibre.
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This then leads to the formation of a tetrahedral intermediate, succeeded by the expulsion of the PET chain,
which acts as a leaving group. Upon acidification, a PET surface enriched with hydroxyl groups is produced.
Scheme 3.2: Base catalysed glycolysis of PET.
3.3.3.3 Surface amination of PET fibres (PET-NH2)
Annealed and mounted PET micro-fibres (1.00 g) were submerged in an ethylenediamine in ethanol solution
(ethylenediamine/ethanol=1:3) and allowed to react for 3 hours at 30 ◦C under constant stirring. The fibres
were sequentially rinsed with ethanol (3 aliquots) and hexane, before being placing in a vacuum oven at 50
◦C for 16 hours under vacuum. The amine introduction procedure is based on a method by Zhang et al6.
The reaction proceeds in a similar fashion to the glycolysis reaction, where one nucleophilic end of
ethylenediamine can partake in a nucleophilic substitution reaction with a carbonyl carbon. This then also
leads to a tetrahedral intermediate formation (Scheme 3.3). In this case, however, the PET alkoxide is a
much better leaving group than the amine. As such, the reaction progresses rapidly, with the formation of
both amine and hydroxyl groups on the surface.
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Scheme 3.3: Amination of PET.
3.3.3.4 Reactive dye staining of PET-OH
Glycolised PET fibres (0.5 g) and virgin PET fibres (0.5 g) where dispersed in separate vials of deionised
water (20 mL), before being transferred to dye solution filled stainless steel dye cylinders. The dye solutions
consisted of NaCl (8.0 g), Corafix Red GD-B reactive dye (0.04 g) and deionised water (60 mL).
The dye tubes where then sealed, shaken and placed in a Roaches Pyrotech 2000 series dye apparatus.
The dye profile consisted of heating the dye bath to 40 ◦C, letting it equilibrate for 10 minutes, followed by
heating to 60 ◦C (3 ◦C/min) and allowing the reaction to proceed for 30 minutes. At this point, Na2CO3 (2.0
g) dissolved in deionised water (20 mL), was injected into the cylinders and the procedure continued at 60
◦C for 60 minutes. Upon completion, the fibres where washed with deionised water (10 aliquots), acetone
(5 aliquots), ethanol and hexane, before allowing them to dry in a vacuum oven at 50 ◦C for 2 hours under
vacuum.
Comparable samples where produced by first securing 0.1 g of virgin, dye exposed virgin and dyed
hydrolysed PET fibres to double sided tape, covering the fibres with Sellotape and placing 15 tonnes of
pressure on the samples for 5 minutes. Thereafter the various fibre mats where compared to one another in
a lightbox under CIE Standard Illuminant D65. The reference used was a grey scale for assessing change
in colour ISO 105 A02.
3.3.3.5 Acid dye staining of PET-NH2
Aminated PET fibres (0.5 g) and virgin PET fibres (0.5 g) where dispersed in separate vials of deionised
water (20 mL), before being transferred to dye solution filled stainless steel dye cylinders. The dye solutions
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consisted of Corafix Blue 2R Leavaset acid dye (0.045 g), deionised water (78 mL) and 10% acetic acid (2
mL).
The dye tubes where then sealed, shaken and placed in a Roaches Pyrotech 2000 series dye apparatus.
The dye profile consisted of heating the dye bath to 40 ◦C, letting it equilibrate for 10 minutes, followed by
heating to 100 ◦C (2.5 ◦C/min) and allowing the reaction to proceed for 30 minutes. Thereafter the dyebath
was cooled to 60 ◦C (5 ◦C/min) and the fibres removed. Upon completion, the fibres where washed with
deionised water (10 aliquots), acetone (5 aliquots), ethanol and hexane, before allowing them to dry in a
vacuum oven at 50 ◦C for 2 hours under vacuum.
Sample comparison was done in the same fashion as the reactive dye stained PET-OH fibres.
3.4 Results and discussion
This section is dedicated to the discussion of the synthesis and characterisation of functionalised PET
precursor substrates. These include a hydroxyl rich (PET-OH) fibre surface attained by glycolysis, as well
as a hydroxyl and amine rich (PET-NH2) fibre surface attained by amination of the PET microfibres. The
aminated substrate was preferentially chosen for subsequent activation and immobilisation reactions.
3.4.1 Poly(ethylene terephthalate) (PET) fibres
Commercially available crimped PET staple fibres (3 cm in length with a 10 µm diameter) were used as
the base polymer throughout this study. Since these fibres are produced from 40% virgin PET and 60%
recycled food grade PET, the exact composition and molecular weight of the polymer could not be verified.
The limited solubility of the polymer in organic solvents meant that analysis of the fibres before and after its
modifications were limited to surface analysis techniques.
3.4.1.1 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy
To verify that the base polymer was PET, an FTIR spectrum of the fibres was compared against that of
pristine PET. Figure 3.4 shows that the IR spectrum for (a) microfibres comprised of 40% virgin PET and
60% recycled PET closely match that of (b) pristine PET. The characteristic absorption bands of PET are
summarised in Table 3.1 and are marked as broken lines on Figure 3.4.
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Figure 3.4: FTIR spectra of (a) microfibres comprised of 40% virgin PET and 60% recycled PET (b) pristine PET.
Table 3.1: FTIR spectral absorption bands of PET31.
Absorption bands of PET Attribution
1713 cm-1 (C=O) Stretching vibrations
1410, 1018, and 865 cm-1 Aromatic ring vibration
1340 and 1180 cm-1 (-CH2) Bending vibration
1240 and 964 cm-1 (C-O) Stretching vibration in amorphous region
1124 and 1100 cm-1 (C-O) Stretching vibration in crystalline region
The IR spectra of (a) and (b) are predominantly in agreement with respect to the characteristic absorption
bands of PET. This suggests that the fibres selected for this study consists of PET and will be suitable to
conduct this study with.
3.4.2 Glycolysis of PET (PET-OH)
Glycolised PET (PET-OH) (Figure 3.5) is the product obtained from a transesterification reaction of PET with
a glycol. It is generally synthesised by reacting the polyester substrate with an excess of ethylene glycol, in
a basic environment30. When this reaction occurs, a PET surface rich in hydroxyl groups is produced. The
presence of hydroxyl groups were confirmed by a reactive dye staining test (Figure 3.6).
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Figure 3.5: PET surface glycolysis product (PET-OH).
3.4.2.1 Reactive dye stain test
Reactive dyes are polyfunctional molecules, which possess over several groups able to react with hydroxide
groups on a substrates surface32. When the glycolised PET fibres were treated with such a reactive dye,
namely Corafix Red GD-B, a colour change from white to pink could be observed (Figure 3.6).
Figure 3.6: Grey scale assessment of the colour change observed for (a) un-dyed virgin PET microfibres, (b) reactive dye treated
virgin PET fibres and (c) reactive dye treated PET-OH fibres.
Visual comparison, by the aid of a grey scale for assessing colour change, revealed that virgin PET (b) had
dyed one shade darker than the original colour of the fibres (a). This corresponded to a scale value of 4
(Figure 3.6). PET-OH fibres (c) treated with the dye had dyed four shades darker than (a), corresponding to
a scale value of 1.
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The overall change in colour when comparing samples (b) and (c) to one another was three shades. This
indicated that the glycolysis reaction had been successful in producing reactive groups on the fibre surface.
With respect to the chemical reagents used, the consulted literature and the reactivity of the dye, these
functional groups were presumed to be hydroxyl groups35.
3.4.2.2 Scanning electron Microscopy (SEM)
SEM was used to analyse the fibre surface after glycolysis to determine whether any topographical changes
had occurred (Figure 3.7). From the micrographs, no changes due to degradation, could be observed
between the virgin and the gycolised fibres. This suggest that the reaction conditions were mild enough to
prevent damage to the surface of the fibres, yet potent enough to change the chemistry of it. The latter is
observable from the reactive dye stain test (Section 3.4.2.1).
Figure 3.7: SEM micrographs of (a) Virgin PET and (b) PET-OH fibres.
3.4.3 Amination of PET (PET-NH2)
Aminated PET (PET-NH2) (Figure 3.8) is the substrate obtained from the nucleophilic substitution reaction
at the carbonyl carbon of PET with a diamine, to form an amide. The product of this reaction is a fibre
surface functionalised with primary amine as well as hydroxyl groups.
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Figure 3.8: PET surface amination product (PET-NH2).
During the amination of PET, the concentration of surface amine and hydroxyl groups are strongly influenced
by the sequence in which ester cleavage reactions take place. This can be explained with reference to
Scheme 3.4, with cleavage sites indicated as broken lines.
If position 1 is considered to be the initial site of cleavage, one hydroxyl and one primary amine group
would be generated on the surface. If in addition, cleavage is limited to only primary events, then a surface
with an equal distribution of hydroxyl and amine groups will be produced. When this is not the case and
sequential cleavage occurs in close proximity to position 1, then an unequal distribution of hydroxyl and
amine groups will be produced. In such cases, the relative concentration of functional groups depends
on the rates at which the different nucleophile substitution reactions take place. The reaction which then
follows the primary cleavage can occur at:
2a → yielding two amine groups.
2b → yielding two hydroxyl groups.
or 2c → which will yield one amine and one hydroxyl group.
Scheme 3.4: Sequential ester cleavage events and their corresponding products30.
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The amide derivatives which do form, however, are more stable than the corresponding esters. In addition,
the functional amine groups introduced onto the surface, are also more nucleophilic than the hydroxyl
groups generated in both this and the glycolysis reaction. These two factors, make surface amination the
preferred method of surface preparation.
This type of modification is typically done by exposing a PET surface to ethylenediamine, which has been
diluted in ethanol, to a preferred concentration6. The extent of dilution moderates the reaction rate of the
diamine, allowing for a controlled homogeneous surface modification.
The presence of primary amine groups were confirmed by a ninhydrin test, acid dye staining test and EDX
analysis.
3.4.3.1 Ninhydrin test
Ninhydrin reactions are widely used for the analysis and characterisation of compounds which poses
primary or secondary amine groups33. Once the ninhydrin reacts with these groups, a purple dye known as
Ruhemann’s purple is formed. Accordingly, the presence of amine groups can be observed by a colour
change of the ninhydrin solution34.
This test is anomalous amongst chromogenic reactions, since ninhydrin’s reaction with primary amines at a
pH of 5.5 generates the same chromophore, irrespective of the molecular architecture of the amine. As a
result of this, ninhydrin assays are applicable to either soluble or insoluble solid samples35,36.
The application of this assay to PET-NH2 fibres resulted in the formation of Ruhemann’s purple,thereby
confirming the presence of primary amines on the fibre surface. The drawback of the assay is, however, its
limitation to provide only qualitative analysis. This is due to the fact that the amount of the chromophore
produced, is not always stoichiometric. Accordingly, variations are observed depending on the nature of the
sample analysed, irrespective of the primary amine concentration35.
3.4.3.2 Acid dye stain test
Acid dye staining is a dye process, which involves not only ionic interaction between cationic groups on the
fibre surface (protonated amines) and anionic dye molecules in solution, but also hydrophobic affiliation32.
To favour the ionic interaction, the functional groups on the fibre were protonated, by conducting the reaction
in the presence of acetic acid. When the aminated PET fibres were treated with such an acid dye, namely
Corafix Blue 2R Leavaset acid dye, a colour change from white to blue could be observed (Figure 3.9).
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Figure 3.9: Grey scale assessment of the colour change observed for (a) un-dyed PET microfibres, (b) Leavaset Blue 2R dye
treated PET fibres and (c) dye treated PET-NH2 fibres.
The various dye treated fibres were compared to one another by aid of a grey scale for assessing colour
change. From Figure 3.9 it can be seen that the virgin PET (b) had dyed one shade darker than the original
colour of the fibres (a). This corresponded to a scale value of 4. PET-OH fibres (c) treated with the dye had
dyed four shades darker than (a), corresponding to a scale value of 1.
The net colour change observed when comparing samples (b) and (c) to one another was three shades.
This was an indication that the amination reaction had been successful in producing reactive groups on the
fibre surface, capable of reacting with the acid dye. With respect to the chemical reagents used and the
consulted literature, primary amine groups were presumed to be present on the fibre surface6.
3.4.3.3 Energy dispersive X-ray spectroscopy (EDX)
EDX is a surface analysis technique commonly used for localised elemental analysis. Since PET is
comprised of only carbon, oxygen and hydrogen, this technique is useful for detecting the presence of
foreign elements, such as nitrogen introduced into the PET matrix. Accordingly, EDX could be used to
approach a quantitative assessment of the extent of PET fibre amination, by detecting the amount of
nitrogen analogues introduced.
Figure 3.10 represents the data collected from such an analysis. It shows that a source of nitrogen had
been present in the virgin PET fibres. This is likely an additive used during the production of the fibres, or a
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contaminant from the recycled sources of PET. The figure also shows that upon aminating the fibres, the
detected nitrogen content increased from the 0.28 weight percent observed from the virgin PET fibres to
0.67 weight percent.
Figure 3.10: Average weight % nitrogen present in a virgin PET sample and an aminated PET sample (PET-NH2). Error bars
correspond to standard deviation.
The data from this study suggests that amination lead to a 2.4 fold increase in the nitrogen content on
the surface of the fibres. It is also apparent that there is a greater standard deviation associated with the
aminated fibres. The latter can be attributed to two factors. The first of which is, rapidly degradation of the
fibres during the analysis. This entailed that the fibres either melted away as the scanning beam passed
over them, or blew apart. As a result, it was not only the surface of the samples being analysed. This
resulted in elemental detection within the bulk of the sample, rather than the modified outer layer. The
variation was, therefore, less prominent in the virgin PET sample, as its surface and core are homologous.
The second contributing factor was the distribution of the fibres on the detection surface. The regularity of
the virgin fibres and the fact that they had been crimped together, meant that they were able to pack together
uniformly on the detection surface. The aminated fibres, having been carded before treatment, could no
longer pack together closely. This meant that they could not cover the detection surface uniformly, leading
to several voids between the fibre strands. Since the EDX instrument reports the elemental content per
area scanned, non-uniform detection areas are prone to produce data sets with large standard deviations.
The analysis can be concluded to have been semi-quantitative, yet useful for confirming an increase in
nitrogen containing moieties upon amination of PET fibres.
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3.4.3.4 Scanning electron Microscopy (SEM)
After amination, the surface of the fibres were analysed by SEM and compared to virgin material (Figure
3.11). From these micrographs, it can be seen that the topography of the fibres had markedly changes,
once they had been aminated. The presence of fissures perpendicular to the length of the fibres are clear,
as well as fibre breakage. These results are in agreement with the handle of the fibres, since they were
found to become noticeably weak upon amination. This suggest that the reaction conditions had been
sufficient to induce polymer chain scission and accordingly produce a functionalised fibre surface.
Figure 3.11: SEM micrographs of (a) Virgin PET and (b) PET-NH2 fibres.
3.5 Conclusion
It was found that PET fibres treated with ethylene glycol displayed an increased reactivity towards reactive
dyes. This suggests that the reaction had been successful in producing hydroxyl groups on the fibre surface.
It was also found that primary amine groups could be introduced onto a PET fibre surface, by treating it with
ethylene diamine. This was confirmed by an Acid dye stain test, a ninhydrin test and EDX.
These substrates were synthesised as precursors for subsequent activation protein immobilisation. Between
them, the aminated PET surface was selected to further the study with, due to its increased reactivity.
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Chapter 4
Aminated PET microfibre activation for
Concanavalin A immobilisation
4.1 Introduction
Functional groups on the surface of a materials are advantageous, since they can act as anchoring sites
for covalent immobilisation of various surface-active agents, such as biomolecules1,2. When the functional
groups on such a material surface and those of surface-active agent are unable to react with one another, a
linker molecule can act as a mediator or activating agent3. When this surface-active agent is a biomolecule
such as Concanavalin A (Con A), the linker molecule which attaches it to the surface is referred to a
bioconjugate molecule.
Since Con A has 13 primary amine groups per molecule, available for its immobilisation, a bioconjugate
molecule was needed to activate the nucleophilic fibre surface for its covalent attachment4,5. The
bioconjugates used for this purpose were glutaraldehyde (GA) and N,N’- Disuccinimidyl carbonate (DSC).
GA is a popular bis-aldehyde homobifunctional cross-linker3, and is the most common bifunctional reagent
used for protein immobilisation3,6. When using GA as a homobifunctional bioconjugate, an amine containing
surface can very simply be activated for coupling with an amine-containing ligand. It is for this reason that
this activation method is widely used7-12. Correspondingly, this molecule was predominantly used in this
study on an aminated poly(ethylene terephthalate) (PET) surface, due to its cost and the facile reaction
conditions used for attachment.
DSC in turn is a homobifunctional compound which is a highly reactive electrophile. As such it rapidly
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hydrolyses in aqueous environments. This leads to the formation of two N-hydroxysuccinimide (NHS)
molecules and one molecule of carbon dioxide. Activation of a substrate is consequently performed in
anhydrous solvents, were it can effectively be used to activate hydroxyl and amine groups to succinimidyl
carbonate and succinimidyl carbamate groups respectively3.
In what follows we report the surface activation of aminated PET microfibres, followed by the immobilisation
of Con A and its detection. The general procedure entailed that the aminated PET surfaces were treated with
the respective activating agents, whereafter covalent attachment of Con A to the fibre surface. The protein
functionalised PET microfibres were characterised using attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy, confocal fluorescence microscopy (CFM), scanning electron microscopy
(SEM), correlative light-electron microscopy (CLEM) and a horseradish peroxidase (HRP) assay.
The surface chemical structures of the functionalised PET microfibres prepared in this study are presented
in Figure 4.1. In addition to the fibre functionalisation with Con A, cross-linked protein aggregate (CLPA)
functionalised substrates were also synthesised.
Figure 4.1: Chemical surface structures of Con A functionalised PET fibres prepared in this study.
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4.2.1 Materials
The following chemicals were utilised in this part of the project: ethylene glycol (Merck, 99%), ethylenediamine
(Sigma-Aldrich, 99%), glutaraldehyde (Sigma-Aldrich, 50 wt.% in H2O), N,N’-disuccinimidyl carbonate
(Sigma-Aldrich, 95%), Concanavalin A from Canavalia ensiformis type IV, lyophilized powder (Sigma-Aldrich),
Concanavalin A from Canavalia ensiformis fluorescein isothiocyanate (FITC) conjugate, type IV, lyophilized
powder (Sigma-Aldrich), 1,4-dioxane anhydrous (Sigma-Aldrich, 99.8%), tetrahydrofuran (Merck, 99%),
ethanol (Merck, 99%), hexane (Merck, 99%), hydrochloric acid 32% (Merck), 2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) diammonium salt tablets (Sigma), hydrogen peroxide solution
(Sigma-Aldrich, 37% ww in H2O), Citric acid (Sigma-Aldrich, ≥99.5%) potassium phosphate monobasic
(Sigma-Aldrich), Tris-HCl (Sigma-Aldrich), Tween 20 (Merck), Sodium chloride (Merck), potassium chloride
(Merck), sodium phosphate dibasic (Merck), manganese(II) chloride beads 99.999% (Sigma-Aldrich),
peroxidase from horseradish type VI-A (Sigma-Aldrich).
4.2.2 Characterisation techniques
4.2.2.1 Confocal fluorescence microscopy (CFM)
For the acquisition of CFM micrographs, the samples were analysed with a Carl Zeiss LSM 780 confocal
microscope with super-resolution platforms. Zen software was utilised for the acquisition and processing of
images. Samples were prepared by securing a portion of the fibre mass to a glass microscope slide with
Sellotape, then drawing the fibres along the length of the slide before securing the other end. Thereafter, a
glass coverslip was placed over the fibres and sellotaped firmly in place. The magnification most often used
was 40 × while the laser used differed with respect to the study conducted.
4.2.2.2 Correlative light-electron microscopy (CLEM)
CLEM is the powerful analytic tool, which combines the strengths of light and electron microscopy. In this
study, the combination of CFM and SEM was used. This made it possible to correlate chemical changes
made to a fibre surface with morphological attributes.
The same instrumentation was utilised as in the SEM and CFM studies. The main difference being that
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exactly the same area had to be scanned by a SEM as was initially analysed by CFM. This meant that
sample preparation had to be done in such a way that the fibres could not move in-between the two analyses.
The single fibres were picked out with tweezers, elongated and secured on an 8 × 10 mm square of double
sided carbon tape, which was concurrently secured onto a glass microscope slide. Thereafter, the fibres
were pressed into the adhesive matrix with a sterile polytetrafluoroethylene film.
Preparation for the SEM analysis succeeded CFM and included carbon coating of the fibres by means of
carbon rod evaporation under vacuum.
Correlation of the CFM and SEM images was mediated by a combination of Zen and Zeiss image processing
software. The final adjustments to align and manipulate the layering of the CFM images onto the SEM
images was performed on Photoshop CC 2015, using the Puppet warp tool.
4.2.2.3 Horseradish peroxidase assay (HRP)
The enzymatic assay of HRP with 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) as a substrate
was used to determine whether immobilised Con A had retained its biological activity.
To execute the assay the following procedure was followed13:
10mg of of each of the various PET microfibre derivatives, were placed in separate glass vials and incubated
for one hour in a 1× phosphate buffered saline (PBS) (8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4 and 0.24
g KH2PO4; pH 7.4) solution of HRP (4 mg/mL) on a laboratory orbital shaker. Hereafter the fibres were
washed thrice at 10min intervals with a PBS-Tween solution (1× PBS, 0.01% Tween 20).
A substrate solution was prepared by dissolving ABTS (10 mg) in 20 mL of citrate buffer (0.1 M, pH 5.0) to
which 37 % H2O2 (10 µL) was added.
Substrate solution was then added to each of the fibrous substrates, and the colour change observed.
4.2.3 Experimental Procedures
4.2.3.1 GA activation of PET-NH2 fibres (PET-NH-GA)
The aminated fibres were activated with GA by following a procedure similar to that used by Betancor et al9.
The mounted fibres were wetted with 1× PBS (8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4 and 0.24 g KH2PO4 in
1l of deionised water, pH 7.0), succeeded by submersion in 20% (v/v) GA in 1× PBS pH 7.0. After allowing
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the reaction to proceed for 15 hours at 30 ◦C under constant stirring, the fibres were washed four times
with coupling buffer. This coupling buffer consisted of 1× PBS pH 7.4 containing MnCl2 (0.013 mg/mL) and
CaCl2 (0.011 mg/mL). The fibres were now ready for subsequent protein immobilisation reactions.
The presumed reactive intermediate is formed as a result of a 1,4 Michael-type addition reaction to the
double bond of dimeric GA. This then leaves the hemiacetal ring available for subsequent reaction with
primary amines (Scheme 4.1).
Scheme 4.1: Dimeric GA activation of primary amine groups.
4.2.3.2 Con A immobilisation onto GA activated PET fibres (PET-NH-GA-Con A)
The wet, activated fibres were cut loose from the tripod and wrung dry. The fibres were then divided into
fractions of approximately 10 mg each. These fractions were placed in glass vials containing coupling
buffer (3 mL) and Con A (4 mg/mL)15,16. The vials were then capped and incubated for 1 hour at 37 ◦C
on an orbital shaker, before reducing the temperature to 4 ◦C and allowing the reaction to proceed for an
additional 3 hours. Upon completion, the contents of the vials were left un-agitated in a refrigerator at 4 ◦C
for 16 hours. For the preparation of the CLPA-fibre, a GA solution was added to the reaction mixture 90
minutes into the 4 ◦C incubation (final GA concentration was 0.5% w/v)17.
Upon completion of the immobilisation reaction (Scheme 4.2), the fibres were incubated in PBS containing
0.1 M Tris-HCl (pH 7.8). This allowed tris(hydroxymethyl)aminomethane molecules to quench any unreacted
GA groups17. Thereafter, the fibres were washed three times with PBS- Tween buffer (PBS, 0.01 wt%
Tween 20), to remove the unreacted Con A adsorbed onto the fibre surface18. This was performed by aid of
a vortex shaker, entailing 2 minutes of vortexing per wash. This was again followed by washing the fibres
three times with PBS so as to remove the Tween. The fibres were then squeezed dry between two spatulas
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and allowed to dry for 24 hours in a vacuum oven at 50 ◦C under vacuum. The dried fibres were then placed
in vials and stored in a refrigerator at 4 ◦C until used.
Scheme 4.2: Immobilisation of Con A onto a GA activated PET surface.
4.2.3.3 DSC activated PET-NH2 (PET-NH-DSC)
The aminated fibres were activated with succinimidyl carbonate groups following a literature procedure3.
This entailed the aminated fibres being submerged in 0.2 M DSC and 0.5 M diisopropylethylamine (DIEA) in
anhydrous 1,4-dioxane, and allowed to react at 30 ◦C for 2 hours under constant stirring. The fibres were
then washed with anhydrous 1,4-dioxane (3 aliquots) whereafter they were dried in a vacuum oven at 50 ◦C
for 16 hours.
The nucleophilic hydroxyl and amine groups react with the carbonyl carbon of DSC, according to the same
nucleophilic substitution reactions described earlier. In both cases the tetrahedral intermediate formation is
succeeded by the expulsion of the N-hydroxysuccinimide (Scheme 4.3).
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Scheme 4.3: DSC activation of primary amine and hydroxyl groups.
4.2.3.4 Con A immobilisation onto DSC activated PET fibres (PET-NH-DSC-Con A)
Upon activation, the succinimidyl carbonate groups on the surface were prone to hydrolysis, as such,
wetting and preparing of the fractions for immobilisation was performed rapidly and with a cold coupling
buffer. Other than this, the procedure for immobilising Con A onto the activated surface was identical to that
employed for GA activated fibres (Scheme 4.4).
Scheme 4.4: Immobilisation of Con A onto a DSC activated PET surface.
4.3 Results and discussion
This section is dedicated to the discussion of the synthesis and characterisation of activated PET derivatives.
These include Con A modified PET succeeding GA activation (PET-NH-GA-Con A) and Con A modified
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PET succeeding DSC activation (PET-NH-DSC-Con A) as well as PET succeeding glycolysis (PET-OH).
The aminated PET samples were preferentially chosen over glycolised PET for subsequent activation and
Con A immobilisation. The Con A derivatised fibres were synthesised in order to study the possible affinity
which these fibres may have for the Mycobacterium tuberculosis (Mtb) cell wall.
4.3.1 GA activation of PET-NH2 (PET-NH-GA)
Upon amination of the PET fibres, the surface needs to be activated for protein immobilisation. This is due
to the target functional groups on the protein being primary amines, and therefore similar to the functional
groups on the fibre surface.
In order to couple the analogous groups, a bioconjugate molecule with at least two functional sites is
required. One such a molecule is GA, which is an effective homobifunctional cross-linker, often used to
activate an amine rich surfaces for protein immobilisation (Figure 4.2), as well as cross-linking of additional
proteins19.
Figure 4.2: Surface activation of PET-NH2 with glutaraldehyde (PET-NH-GA)
GA coupling is, however, not mechanistically as simple as its molecular structure suggests20. While
this molecule is expected to react with amine containing molecules by initial Schiff base formation, the
interaction is in actuality far more intricate. Amine containing molecules treated with GA but not with a
reducing agent, show stabilities uncharacteristic of Schiff base formation14. This is the consequence of the
molecule partaking in marked transformations in aqueous solution. The result of which is an array of no
less than thirteen different reactive species (Scheme 4.5). It follows that GA/amine coupling could entail
Michael-type addition of the amines to α, β-unsaturated sites in a GA macromolecule, Schiff base formation
with a remaining aldehyde terminal, covalent attachment to a hemiacetal ring, cyclic quaternary pyridinium
complexes formation or a combination of these options3,20.
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Scheme 4.5: Summary of the possible forms of glutaraldehyde in aqueous solution. Bordered is the bicyclic derivative used for
amine coupling throughout this study3,20.
The conformation of GA presumed to be responsible for the activation of amine rich surfaces, is the bicyclic
derivative (Scheme 4.5)14. This form of GA is a potent amine coupling agent, and is accordingly suggested
as the form which shows the best cross-linking activity as far as tissue fixation, protein conjugation or
enzyme immobilisation is concerned21. To promote its formation in aqueous solution, reaction parameters
can be modulated. These parameters include reacting the amine rich fibres with a high concentration of GA
for a prolonged period of time, in an aqueous solution buffered to a pH of 7.014.
Coupling amines via the bicyclic form occurs by initial 1,4 Michael-type addition to the double bond, forming
a stable secondary amine link. Introduction of a second amine containing component infers nucleophilic
substitution at the anomeric carbon of the hemiacetal ring, again forming a stable secondary amine link
(Scheme 4.6).
Scheme 4.6: Reaction of bicyclic GA with PET-NH2 and α-amine on Con A.
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4.3.1.1 CFM detection of GA
CFM is a useful technique for the observation of fluorescent signals stemming from exited fluorophores
within a sample22. Fluorescence as a form of luminescence, occurs when a fluorophore absorbs a photon
of a certain energy and then re-emits a photon, typically of a lower energy22. Auto-fluorescence then, is a
term used to differentiate between the fluorescence observed due to fluorophores intrinsic to a material,
and fluorescence observed due to the deliberate introduction of fluorescent markers23. While practically
all molecular systems show fluorescence, it is often very weak. As such their fluorescence often goes
undetected, or their excitation range falls so far in the ultraviolet region of the electromagnetic spectrum that
they are rarely exited24. During a CFM analysis, the excitation prerequisites of some of these molecules
can be met, and accordingly produce auto-fluorescence in a sample.
Typically, this auto-fluorescence is an unwanted source of fluorescence when doing fluorescence imaging,
as it can result in bright backgrounds. This can lead to a dramatic reduction in the signal-to-noise ratio,
limiting the detection of other fluorescent signals25. One instance where this phenomenon is observed,
is when GA is used as a fixative. GA produces particularly high auto-fluorescent signals, making it a
troublesome agent to use when CFM microscopy is performed26.
While it is still not fully understood why GA has such high auto-fluorescent emissions, the anomaly is
especially advantageous when attempting to detect its presence as a surface activating agent. This was
done by utilising CFM to analyse the surface of virgin PET and PET-NH2 fibres, then comparing their
emission signals to that obtained from PET-NH-GA fibres (Figure 4.3).
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Figure 4.3: Maximum intensity projected z-stack (40 × magnified) CFM images of (row a) virgin PET, (row b) PET-NH2 and (row c)
PET-NH-GA. Columns 1-4 represent the fluorescent signals produced by (1) excitation by 405 & 561 nm laser and detected at
472-526 and 576-735 nm as well as by T PMT filter, (2) excitation by 561 nm laser and detection between 576-735 nm (3)
excitation by 405 nm laser and detection between 472-526 nm and (4) overlay of (2 & 3).
Row (a) of Figure 4.3 indicates that PET itself auto-fluoresces in the detection ranges of 472-526 and
576-735 nm when exited with a 405 or 561 nm laser respectively. The intensities of the auto-fluorescent
signals are seen to slightly increases when the fibres are aminated (row (b)). From row (c) it is clear that
GA activation leads to the strongest intensification of the fluorescent signals, in both of the detection ranges.
This indicates that a GA derived moiety was able to successfully react with primary amine groups present
on the surface of the PET-NH2 precursor substrate. As such, surface activation, mediated by GA, was
confirmed not by the presence of fluorescent signals, but by the intensification of significant signals.
From column (1) row (c) of Figure 4.3, it can be seen that all of the PET-NH-GA fibres detected by the T
PMT filter, produce emission signals. This is in contrast with the fluorescent signals observed for the other
fibre types in column (1), which only show partial fluorescence per fibre, for some of the fibres. From this it
can be concluded that the precursor substrate has homogeneously reacted with the GA moiety.
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4.3.2 Con A immobilisation onto PET-NH-GA (PET-NH-GA-Con A and PET-NH-GA-CLPA)
Upon activation with GA, the PET surface is suited for protein immobilisation. The general procedure holds
that the activated surface be introduced into a buffered solution of the amine-containing protein and allowed
to react. It follows that one of the thirteen primary amine groups on the Con A molecule, can then partake
in a nucleophilic substitution reaction to the hemiacetal ring of the activating group (Scheme 4.6 and Figure
4.4 (a)), forming PET-NH-GA-Con A.
A cross-linked protein aggregate derivative substrate (PET-NH-GA-CLPA) could be synthesised, sequential
to the PET-NH-GA-Con A substrate. This entailed the addition of GA to the protein and fibre reaction
mixture, after the immobilisation reaction had commenced. This leads to rapid cross-linking of the protein
molecules to one another, but also to the already immobilised protein on the fibre surface (Figure 4.4 (b)).
The product of this reaction, would be a fibre with a greater protein loading per surface area, than could be
achieved with only initial immobilisation.
Figure 4.4: (a) Con A immobilised onto a GA activated surface (PET-NH-GA-Con A) and (b) CLPA derivative of PET-NH-GA-Con A
(PET-NH-GA-CLPA).
4.3.2.1 ATR-FTIR spectroscopy detection of immobilised Con A
Immobilisation of Con A results in a solid deposition onto the fibre surface. This, unlike surface degradation
and activation reactions, results in a layer-like coating which in turn can be detected by ATF-FTIR. Hence,
the presence of immobilised Con A on the fibre surface, can be identified by the appearance of its amide
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bands on the FTIR spectrum of PET (Figure 4.5). The assignments of the Con A reference peaks were
aided by literature and is shown in Table 4.127.
Figure 4.5: FTIR spectral correlation of Con A immobilisation by aid of GA activation.
Table 4.1: FTIR spectral absorption bands of Con A27.
Absorption bands of Con A Attribution
1515 cm-1 Amide II band
1625 cm-1 Amide I band - indicative of high percentage β-sheet secondary structures
3270 cm-1 Amide A band
The presence of Con A is most apparent from its amide A band in the 3600-3100 cm-1 range, since PET
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typically shows little to no absorption in the 4000-3000 cm-1 region. On the contrary, the amide I and amide
II absorption peaks appear as shoulders on the (C=O) stretching vibrations of PET, often leading to their
obscurance.
4.3.2.2 CFM detection of immobilised Con A
The detection of GA on the fibre surface by CFM, proposed that Con A immobilised due to the GA surface
activation, would bring on a change in its fluorescent emission signals. Hence, PET-NH2, PET-NH-GA-Con
A and PET-NH-GA-CLPA fibres were analysed by CFM and compared to one another (Figure 4.6).
Figure 4.6: Maximum intensity projected z-stack (40 × magnified) CFM images of (row a) PET-NH-GA, (row b) PET-NH-Con A and
(row c) PET-NH-GA-CLPA. Columns 1-4 represent the fluorescent signals produced by (1) excitation by 405 & 561 nm laser and
detected at 472-526 and 576-735 nm as well as by T PMT filter, (2) excitation by 561 nm laser and detection between 576-735 nm
(3) excitation by 405 nm laser and detection between 472-526 nm and (4) overlay of (2 & 3).
When comparing rows (a) and (b) of Figure 4.6, little can be seen to suggest the presence of immobilised
Con A for the PET-NH-GA-Con A derivative. Row (b) does however show an increase in emission intensity
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compared to row (a), but this is contradicted by row (c). The latter clearly shows the presence of Con A as
aggregates, but the corresponding fluorescent intensity is comparable to that of row (a). The aggregates in
row (c) are seen to be predominantly present as small clusters along the length of the fibres, but also as
large clumps, which cover a portion of a fibre’s surface entirely.
These CFM results do not prove that immobilisation of unistructural Con A had been achieved. The results
do, however, show that protein aggregates had formed in the case of the PET-NH-GA-CLPA derivative.
A Con A-fluorescein isothiocyanate conjugate could be used to show that the protein was immobilised on
the surface of the fibres. This is a fluorescent derivative of Con A (Con A-FITC), and is shown in Figure 4.7.
It has approximate fluorescence excitation and emission maxima at 494 and 518 nm respectively28. As
such, it would not excite, nor show a strong emission in the same range as PET, which is predominantly
exited in the 405 nm range and emits in the 420-463 nm range. Accordingly, the fibres were exited with
a 488 nm laser and their emissions detected in the range of 499-579 nm. These chosen excitation and
emission ranges were selected to account for the auto-fluorescent contribution from GA.
Figure 4.7: Con A-FITC molecular structure.
By synthesising PET-NH-GA-Con A-FITC and PET-NH-GA-CLPA-FITC, the presence of the protein on the
fibre surface could be detected by CFM (Figure 4.8). The detection of non-specifically bound protein was
assessed by analysing PET-NH2 fibres treated with Con A-FITC as a control.
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Figure 4.8: Maximum intensity projected z-stack (40 × magnified) CFM images of (row a) PET-NH2 treated with Con A-FITC, (row
b) PET-NH-GA-CON A-FITC and (row c) PET-NH-GA-CLPA-FITC. Columns 1-3 represent the fluorescent signals produced by (1)
excitation by 488 nm laser and detection by T PMT filter, (2) excitation by 488 nm laser and detection between 499 and 579 nm (3)
overlay of (1) & (2).
It must be noted that the FITC conjugate of Con A is structurally somewhat different than the pure Con A,
due to its extent of fluorescein labelling (3-6 mol of FITC per mol of protein). Potential consequences of this
are the blocking of the residual amine sites due to the physical bulk of the FITC molecule, and changed
chemical properties. The latter relates to the reduced solubility in aqueous media, decreased reactivity
with GA and accordingly lower degrees of cross-linking. When comparing rows (a) to (c) of Figure 4.8, it is
clear that protein immobilisation principally occurs only when the PET surface has been activated. Row
(c) also illustrates that the addition of GA after immobilisation results in protein aggregate formation. The
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aggregates formed in this instance are smaller than that typically observed for GA mediated cross-linking
(Figure 4.6 row c).
Row (a) (Figure 4.8), shows that the presence of fluorescent emission due to FITC is still present. The
majority of this is present in fissures perpendicular to the fibre length. Simplistically, the protein-dye
conjugate confined to the fissures are present due to the difficulty water has to penetrate these regions
and can therefore not remove the unreacted Con A-FITC. This is in part hindered even further due to the
hydrophobic nature of FITC, and the impartment of this characteristic to the conjugate.
Additional weak fluorescence along the length of the fibre is inexplicable at this stage. One possibility for
this, is scattering of the light emitted from the crevasses along the length of the fibre. Another likely reason
is hydrophobic affiliation with the fibre surface29. The latter may occur since the FITC molecule exhibits
many similarities to some acid dyes, which are typically used to dye amine rich fibres. The staining ability of
these dyes has also been illustrated with the acid dye stain test of the animated fibres. Nevertheless, the
control fibres showed considerably lower fluorescent signals compared to the activated fibres. In addition, as
previously mentioned, the presence of Con A on the control study fibres is most likely due to the presence
of the residual dye molecules.
With reference to rows (b) and (c) it is apparent that Con A immobilisation had been successful, resulting in
uniformly coated fibre surfaces. This correlates well with the results presented in Figure 4.3 row (c), which
showed a homogeneous surface activation. From this it can be concluded that activating the surface of
aminated PET fibres with GA is a suitable technique to mediate subsequent immobilisation of amine rich
molecules.
4.3.2.3 SEM detection of immobilised Con A
Topographical changes to the fibre surface, due to protein immobilisation was assessed by SEM30. The
smooth fibre surface makes it possible to detect small-scale protrusions which could result from binding
Con A to the fibres (Figure 4.9). The study was performed by comparing the surfaces of PET-NH-GA-Con A
and CLPA fibres to that of PET-NH-GA fibres, as well as PET-NH2 fibres which had been incubated in a
protein coupling solution.
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Figure 4.9: SEM micrographs of (a) PET-NH2 treated with Con A (b) PET-NH-GA, (c) PET-NH-GA-Con A and (d)
PET-NH-GA-CLPA fibres.
Micrographs (c) and (d) of Figure 4.9, shows that the fibre surface becomes irregular upon protein
immobilisation, bearing distinct nodules along the length of the fibres. This change is surface topography
is not observed for the GA activated fibres (micrograph (b)). It can also not be prescribed to non-specific
binding of the protein, since micrograph (a) shows no nodulation of the fibres.
When comparing micrographs (c) and (d) (Figure 4.9), it can be seen that the PET-NH-GA-CLPA fibres have
a greater loading of Con A per fibre length, as the protein forms a continuous layer on the surface. This
layer of protein can be seen in a magnification of micrograph (d) in Figure 4.10. Figure 4.10, shows that the
surface of the fibre is entirely covered with a Con A layer. Upon this, the tendency of the protein layer to
fracture along with the fibre, rather than pealing away, indicates a chemical bond to the fibre surface. In
addition, micrograph (c) of Figure 4.9 shows objects with regular fracture planes in the top left and bottom
right hand corners. These can be prescribed crystals of the various salts used in the PBS solution, from
which Con A was immobilised.
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Figure 4.10: SEM micrograph of the area of interest in Figure 4.9 (d).
From these results, it could be concluded that immobilisation of Con A onto the GA activated PET-NH2
fibres, leads to topographical changes to the fibre surface. The structure and distribution of the nodules
observed from a SEM analysis, correlate well with the fluorescent signals observed for Con A from the CFM
analyses. These indicated that Con A had homogeneously been immobilised onto the fibre surface, and
that the CLPA derivatives generally have a surfaces covered in aggregates of the protein.
4.3.2.4 CLEM detection of immobilised Con A
Visual confirmation of Con A immobilisation onto the activated fibre surface has so far been obtained
from SEM and CFM analysis. SEM analysis, while beneficial, is limited to the detection of topographical
changes. This means that its use is limited to detecting Con A only at concentrations high enough to
result in nodulation of the fibre surface. CFM in turn, provided conclusive evidence only when Con A was
substituted for a Con A-FITC conjugate. Due to the cost of this conjugate and the limited sensitivity of SEM,
the ability to optimise the immobilisation reaction through serial studies, is constrained. These limitations
can potentially be alleviated by making use of a combination of SEM and CFM in an analysis method called
CLEM.
CLEM is a not a new analytical technique, yet in has only recently been drawing attention. This is mainly due
to the advent of green fluorescent protein and improvements in the fields of light and electron microscopy31.
One of the benefits of this technique, is the synergistic relationship between light and electron microscopy32.
This allows the fluorescent information from CFM to be combined with the ultrastructural information of
SEM33. Hence, the rationale for making use of this technique was to correlate the GA induced fluorescent
emissions of immobilised protein, as detected by CFM (Figure 4.6), with the nodular structures on the fibre
surface, as detected by SEM (Figure 4.9). If sufficient information, to conclude Con A immobilisation, could
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be collected from such a study, it could be used as an alternative to CFM detection by the aid of an Con
A-FITC conjugate.
To assess the correlation between the CFM and SEM techniques, a PET-NH-GA-CLPA sample was analysed
(Figures 4.11 and 4.12). This was done since the Con A aggregates could readily be observed in both
the CFM and SEM analyses. Hereafter, the analysis was repeated on PET-NH-GA-Con A, PET-NH-GA
and PET-NH2 fibres. In addition, the CFM excitation and detection parameters were selected to draw a
distinction between Con A cross-linked with GA and the PET fibres. The parameters entailed that the fibres
were exited with a 405 nm laser, hereafter the emissions associated with the PET fibres were detected in
the range of 410-463 nm, and those associated with the GA/Con A complex in the range of 472-508 nm.
Figure 4.11: (1) Maximum intensity projected z-stack (40 × magnified) CFM images of PET-NH-GA-CLPA, (2) SEM micrograph of
the CFM image area, (3) correlative image produced from overlaying (1) & (2) and (4) marked areas of interest on (3).
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Figure 4.12: SEM micrographs of marked areas (a)-(e) on Figure 4.11.
Throughout this analysis, the auto-fluorescence emanating from GA/Con A complexes is denoted by
turquoise and that of PET by magenta. Micrograph (1) of Figure 4.11, shows that the lumps present on
the fibres, result from a GA/Con A complex. This is similar to the clusters observed in Figure 4.6 row (c).
When micrograph (1) (Figure 4.11) is correlated with the same area imaged by SEM (micrograph (2) Figure
4.11), it can be seen that similar attributes align, as shown in the correlation image (micrograph (3) Figure
4.11). From the correlation image, GA/Con A complex associated signals could be selected for structural
investigation (micrograph (4) Figure 4.11) by SEM as shown in Figure 4.12.
The marked areas in micrograph (4) (Figure 4.11), show that areas (b) to (e) all have prominent turquoise
attributes, while area (a) does not. When comparing this to the micrographs of Figure 4.12, areas (b) to
(e) as well as (a) show prominently nodulated fibre surfaces. It follows that these nodules are likely due
to the presence of Con A, as discussed in Section 4.3.2.3 (SEM detection of immobilised Con A). This
suggests that the auto-fluorescent emissions for this complex did not fall within the detection parameters
chosen. Furthermore, it can be observed, in the cases where a turquoise attribute is present, that the
corresponding SEM micrograph shows large nodules in a distribution matching that of the CFM image. The
SEM micrographs, however, also show small nodules all over the surface, which could not be discerned
from the PET auto-fluorescent signals in the CFM micrographs.
The results of the PET-NH-GA-CLPA analysis suggests that the technique could be used for the detection of
cross-linked Con-A on a fibre surface. Its sensitivity, however, could not yet be concluded to be sufficient at
detecting the presence of unistructural Con A. Therefore, the analysis was repeated with PET-NH-GA-Con
A and PET-NH-GA fibres (Figures 4.13 to 4.16)
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Figure 4.13: Maximum intensity projected z-stack (40 × magnified) CFM images of PET-NH-GA-Con A, (2) SEM micrograph of the
CFM image area, (3) correlative image produced from overlaying (1) & (2) and (4) marked areas of interest on (3).
Figure 4.14: SEM micrographs of marked areas (a)-(d) on Figure 4.13.
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Figure 4.15: (1) Maximum intensity projected z-stack (40 × magnified) CFM images of PET-NH-GA, (2) SEM micrograph of the
CFM image area, (3) correlative image produced from overlaying (1) & (2) and (4) marked areas of interest on (3).
Figure 4.16: SEM micrographs of marked areas (a)-(c) on Figure 4.15.
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The CFM micrograph of PET-NH-GA-Con A (micrograph (1) of Figure 4.13) suggests the presence of
GA/Con-A complexes along the length of the fibres. These turquoise areas are dissimilar to those of
PET-NH-GA-CLPA (micrograph (1) of Figure 4.11), due to the absence of clustering. However, when
comparing micrograph (1) of Figure 4.13 to the CFM micrograph of PET-NH-GA (micrograph (1) of Figure
4.15), these turquoise areas are indistinguishable and hence require further resolving.
Comparing the SEM micrographs of PET-NH-GA-Con A and PET-NH-GA (micrographs (2) of Figures 4.13
and 4.15 respectively), there is also no market topographical features to discern the two types of fibres. By
correlating the CFM and SEM images of the two types of fibres, areas of interest could again be selected
for closer inspection by SEM (micrographs (4) of Figures 4.13 and 4.15 respectively).
SEM micrographs of areas (a) to (c) (Figure 4.14), show that the fibres are nodulated, in the case of the
PET-NH-GA-Con A substrate. These nodules can be observed on the portion of the fibres which produced
a turquoise signal, as well as the portions where only a magenta signal was apparent. In addition, no
difference in the size nor amount of nodules could be observed between the turquoise and the magenta
areas.
From the SEM micrographs of areas (a) to (c) (Figure 4.16), no nodules could be observed on the surface of
the PET-NH-GA fibres. It was however observed that areas (a) to (c) showed signs of surface degradation.
With areas (a) to (c) displaying fissure formation and (c) also showing notch formation. While these signs of
degradation could possibly account for the GA/Con-A complex signals, the areas (b) to (d) of Figure 4.11
(micrograph 4) also showed signs of degradation but no turquoise attributes. Accordingly, this phenomenon
will need to be studied further, in order to draw a conclusion.
A final CLEM analysis was conducted on PET-NH2 fibres, which had been incubated in a protein coupling
solution. This would aid in determining whether PET itself could produce emission signals indicative of
the GA/Con-A complex (Figures 4.17 and 4.18). While this is predominantly true for the CFM micrograph
of PET-NH2 (micrograph (1) of Figure 4.17), a turquoise mass is present on the surface of a fibre. The
CFM could again be correlated with the SEM micrograph (micrograph (2) of Figure 4.17) to generate the
correlation image (micrograph (3) of Figure 4.17). The SEM micrographs of areas (a) and (b) of micrograph
(4) (Figure 4.17) shows that this mass is not attached to the fibre surface (micrographs (a) and (b) of
Figure 4.18). It can therefore be assumed that the observed mass is a contaminant, most likely from the
PET-NH-GA-CLPA samples. Finally, the micrographs of Figure 4.18 show globular structures on the fibre
surfaces. While their origin and composition are unknown, their appearance is not similar to that of the
nodules associated with immobilised Con A.
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Figure 4.17: (1) Maximum intensity projected z-stack (40 × magnified) CFM images of PET-NH2 treated with Con A, (2) SEM
micrograph of the CFM image area, (3) correlative image produced from overlaying (1) & (2) and (4) marked areas of interest on
(3).
Figure 4.18: SEM micrographs of marked areas (a)-(c) on Figure 4.17.
The CLEM analysis study showed the limited potential of the method to be used as an analytic tool for
detecting the presence of Con A on a fibre surface. While the method is adequate at detecting the presence
of CLPA, it lacks specificity as well as sensitivity for detecting unistructural Con A. This is primarily due
to shortcomings of the CFM data, which comes as a result of the convoluted emission spectra of the
GA/Con-A complex and PET auto-fluorescence. The implication of which is an inverse proportionality
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between specificity and sensitivity. Hence increasing the sensitivity of the CFM analysis would lead to false
positive results.
It can be concluded that this technique is beneficial for confirming that the nodules observed on
PET-NH-GA-Con A/CLPA fibres, in a SEM analysis, are in fact due to GA/Con A complexes. This technique
however fails to give an indication of the degree of protein immobilisation. In addition to this, its low sensitivity
limits its use to fibres which have high protein loadings on the surface.
4.3.2.5 Horseradish peroxidase assay
A HRP assay was performed to simultaneously confirm the successful immobilisation of Con A as well as
preservation of its biological activity. This type of assay is convenient, since HRP is a glycoprotein and
can accordingly bind to Con A. The presence of bound HRP is then detectable by a set of chromogenic
substrates34.
This assay was performed in the fashion of first incubating the relevant fibres in a PBS solution (PH 7.4)
containing HRP, before introducing them into the ABTS substrate13. The presence of biologically active Con
A on the fibre surface, resulted in a deepening of the substrates colour from light green to dark blue (Figure
4.19).
Both the PET-NH-GA-Con A and PET-NH-GA-CLPA fibres brought on a colour change of the ABTS
substrate, thereby confirming the presence and biological activity of the immobilised Con A. The control
fibres, however, did not result in any colour change of the substrate.
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Figure 4.19: The colour change of an ABTS substrate observed for (a)PET-NH2, (b) PET-NH-GA-Con A and (c) PET-NH-GA-CLPA.
4.3.3 DSC activation of PET-NH2 (PET-NH-DSC)
DSC is a homobifunctional cross-linker, which is exceptionally reactive towards nucleophiles35. This
reactivity emanates from the molecular structure of DSC (Figure 4.20), which consists of two NHS esters
bound at a central carbonyl carbon. It follows that nucleophilic attack readily progresses at the carbonyl, due
to the easy expulsion of N-hydroxysuccinimide3. The difunctional characteristic of the molecule then allows
for subsequent reaction upon the introduction of a nucleophile. As such DSC could be used to activate both
the amine and the hydroxyl groups created by the amination process (Scheme 4.7 and Figure 4.21).
Figure 4.20: N,N’-Disuccinimidyl carbonate (DSC) molecular structure.
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Scheme 4.7: DSC mediated activation of a hydroxyl and amine rich PET surface followed by an immobilisation event.
Figure 4.21: DSC activated PET-NH2 surface (PET-NH-DSC).
4.3.4 PET-NH-DSC-Con A and PET-NH-DSC-CLPA
After the attachment of the DSC, the now electrophilic PET surface could be utilised for protein immobilisation
as illustrated in Scheme 4.7. The introduction of primary amines present on Con A then gives rise to
a second reaction of the now succinimidyl carbonate and carbamate rich surface, resulting in protein
immobilisation (Figure 4.22). The immobilisation reaction is, however, impeded due to hydrolysis of the
reactive groups in aqueous media. Although this is typically alleviated by using high concentrations of
protein in the reaction mixture, this remedy was not feasible in this case3. As such not all of the active sites
would be available for Con A immobilisation.
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Figure 4.22: Con A immobilised onto a PET-NH-DSC surface (PET-NH-DSC-Con A).
FITC tagged Con A could not be used to confirm the presence of Con A by CFM, as was described in Section
4.3.2.2 (CFM detection of immobilised Con A). This is due to the ability of the nucleophilic functional groups
present on the fluorescein molecule (Figure 4.7) to react with the DSC activated surface. Consequently,
the fluorescence intensity comparison could not be used to compare the DSC immobilisation with GA
immobilisation. For the detection of immobilised Con A using DSC as a surface activation, ATR-FTIR
spectroscopy, SEM and a HRP assay was performed.
4.3.4.1 ATR-FTIR spectroscopy detection of immobilised Con A
The detection of immobilised Con A, mediated by a DSC activated surface, could be achieved by ATR-FTIR
spectroscopy (Figure 4.23). This was done by identifying amide bands of Con A on the spectra of
PET-NH-DSC-Con A and CLPA.
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Figure 4.23: FTIR spectral correlation of Con A immobilisation by aid of DSC activation.
When comparing the spectra of the Con A functionalised fibres mediated by DSC in Figure 4.23 to those
mediated by GA in Figure 4.5, the amide peaks typical of Con A are lower in intensity for the DSC activated
fibres. This can be seen from the amide A band of Con A (3600-3100 cm-1), which shows a weak absorption
for the DSC derivative compared to the GA derivative. This result suggests that the immobilisation of Con A
was less efficient when mediated by a DSC activated surface, than with a GA activated one.
81
Stellenbosch University  https://scholar.sun.ac.za
4.3 Results and discussion
4.3.4.2 SEM detection of immobilised Con A
Based on the SEM and CLEM results obtained from the GA derivatives, Con A immobilisation should result
in nodulation of the fibre surface. Hence, the topography of the PET-NH-DSC-Con A and CLPA fibres
were compared to that of PET-NH-DSC, as well as PET-NH2 fibres which had been incubated in a protein
coupling solution, in a SEM analysis (Figure 4.24).
Figure 4.24: SEM micrographs of (a) PET-NH2 treated with Con A (b) PET-NH-DSC, (c) PET-NH-DSC-Con A and (d)
PET-NH-DSC-CLPA fibres.
Figure 4.24 (c) and (d) both show that the surfaces of the PET-NH-DSC-Con A and CLPA fibres were
nodulated, in contrast with the PET-NH2 and PET-NH-GA fibres (micrographs (a) and (b)). It is also clear
that the nodules are larger with a denser distributed in the case of the CLPA derivative, compared to those
of the unimolecular Con A. While all the key attributes of immobilised Con A could be observed from SEM
micrographs (c) and (d), the structures were not as clearly defined as those of the GA activated fibres
(Figure 4.9).
Figure 4.24 (a) shows objects on the surface of the PET-NH2 fibres. Due to the regular fracture planes of
these objects, they can be ascribed to salt crystals of the PBS.
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4.3.4.3 Horseradish peroxidase assay
Implementation of the HRP assay on PET-NH-DSC-Con A and CLPA fibres, would indicate whether Con A
had successfully been immobilised onto the activated substrate, with conservation of its biological activity
(Figure 4.25).
Figure 4.25: The colour change of an ABTS substrate observed for (a)PET-NH2, (b) PET-NH-DSC-Con A and (c)
PET-DSC-GA-CLPA.
Figure 4.25 shows a colour change of the ABTS substrate from light green to dark blue for the Con A and
CLPA functionalised fibres. In contrast, the PET-NH2 fibres which acted as a control study, did not induce a
colour change. It can therefore be concluded from this study that biologically active Con A was immobilised
on the DSC activated fibres.
4.4 Conclusion
From the aminated PET microfibre activation for Con A immobilisation study, it was found that Con A could
be immobilised onto PET-NH2 surfaces activated with either GA or DSC. In the case of GA activation, the
auto-fluorescent property of GA allowed its detection by CFM. Immobilisation of Con A was confirmed
for both types of surface activation by the use of ATR-FTIR spectroscopy, SEM and a HRP assay. Con A
immobilised onto a GA activated surface, was additionally also detected by the use of CFM and CLEM.
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Affinity studies between microfibrous
substrates and mycobacteria
5.1 Introduction
In general, bacterial cells prefer to adhere and grow upon material surfaces, rather than in aqueous
environments. Adhesion to a solid surface is a process which is governed by various physiochemical
interactions, which may either favour or hinder the event1. The adhesion process as a whole can be
considered to occur in two phases. The first is the initial and instantaneous, but also reversible phase
(physical phase), which takes place prior to the time-dependant and irreversible second phase (molecular
and cellular phase)2.
During the physical phase of adhesion, bacterial cells are drawn towards material surfaces by means
of physical forces, which include van der Waals forces, Brownian motion, electrostatic surface charge,
gravitational pull and also hydrophobic interactions1. Along with these, chemotaxis and haptotaxis assists
the diffusion3. This initial adhesion forms the foundation for the subsequent molecular and cellular phase
adhesion process. The cellular phase adhesion process involves the formation of adhesive scaffolds by
means of the polymeric entities on the bacterial surface. As such, molecular-specific reactions govern the
permanent adhesion of the bacteria to the substrate surface in this phase4-6.
The adhesion of bacteria to materials is governed by specific and non-specific interactions7. If the
surface of the material can act as both an adhesin and a receptor, for complementary groups on the
bacterial cell surface, specific interactions can be selectively promoted2,8,9. Throughout this study, this
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was achieved by covalently binding the mannose specific binding protein, Concanavalin A (Con A) to a
poly(ethylene terephthalate) (PET) fibre surface. This protein, in turn, is able to bind to the mannose capped
lipoarabinomannan (LAM) present on the cell wall of Mycobacterium tuberculosis (Mtb)10. This is facilitated
by the formation of direct hydrogen bonds and van der Waals interactions11. Accordingly, these surfaces
would potentially gain the ability to limit the reversibility of the physical phase during the adhesion of Mtb to
the substrate. Since the physical phase is a prerequisite for the molecular and cellular phase, the latter is
also promoted.
5.2 Experimental
Modified PET microfibres were tested for their affinity towards Mtb. This affinity was approximated by
making use of an Mtb-mimic, namely the bacillus of Calmette-Gue´rin (BCG). BCG is non-pathogenic,
attenuated strain of Mycobacterium bovis, belonging to the Mtb complex12-14. Mycobacterium bovis itself is
closely related to Mtb and the etiological factor of bovine tuberculosis15. Like Mtb, BCG also possesses
α 1→2 mannose residue capped LAM, the compound known to affiliate with Con A10. Affinity studies
were consequently performed to assess the interaction between BCG and the surface functionalised PET
microfibrous substrates. Successful adhesion of bacterial cells will henceforth be referred to as capture.
The kanamycin-resistant BCG strain selected for this study, was cultured to contain a fluorescent protein
reporter gene, namely mCherry. This allowed for the rapid detection of the bacilli on the fibre surface,
without the need for staining. This also circumvented staining of the fibres, which was found to hamper
accurate evaluation of the capture ability. Kanamycin in turn would be used during bacterial dilution in the
affinity studies to inhibit the growth of contaminating bacteria on the polymeric substrates.
Bacterial adhesion is principally complex and affected by several factors, which include exposure period,
surface area and surface characteristics, bacterial concentration and temperature amongst others2.
Accordingly, affinity studies were conducted in a consistent manner. In broad terms, this included incubating
the modified fibres in known serial dilutions of bacterial culture concentrations, followed by mechanically
washing them in phosphate buffered saline (PBS). Thereafter, the ability of the substrates to capture bacteria
were determined by means of confocal fluorescence microscopy (CFM). Any bacteria observed during
the analysis were considered to have been captured by the fibre matrix (this being a result of chemical
association between the fibre surface and the bacterial cell wall). The chemical surface structures of the
substrates used for the affinity assessment are presented in Figure 5.1.
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Figure 5.1: Chemical surface structures of the functionalised PET microfibres used for affinity tests with mCherry-BCG.
5.2.1 mCherry-BCG culture
mCherry-expressing BCG (mCherry-BCG) was cultured by transforming BCG Pasteur with pMSG432
(episomal plasmid encoding mCherry as well as conferring hygromycin resistance). Thereafter, BCG strains
were grown at 37 ◦C in Middlebrook 7H9 growth medium supplemented with 10% albumin/dextrose/saline,
0.5% glycerol and 0.05% Tween-80 in the presence of 50 µg/mL hygromycin to an approximate optical
density measured at 600 nm (OD600) of 0.80.
5.2.2 mCherry-BCG affinity study
A fixed amount of each substrate (10 mg) was placed in a glass vial (30 mL), to which 5 mL of BCG culture
dispersed in PBS (pH 7.4) at an OD600 of approximately 2.0 was added. The fibres were thoroughly wetted
and incubated at 37 ◦C for one hour on an orbital shaker. As a control study, aminated precursor PET fibres
were treated in the same fashion.
Thereafter, the fibres were removed from the culture solution and sequentially washed with three aliquots of
PBS on a laboratory vortex shaker for two minutes at a time. This aided in removing most of the loosely
adhering bacterial cells from the fibres. The washed fibres were then placed in sealed vials, and were
submitted for immediate analysis.
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5.2.3 mCherry-BCG dilution study
Following a procedure similar to the affinity trial study, the fibres were prepared for incubation with BCG
culture solutions, which had been serially diluted by tenfold. The OD600 to which the samples had been
diluted, was chosen to cover a range from 0 to 0.7. The same procedure was then followed for incubation
and subsequent washing. The dilution study was repeated in duplicate to evaluate the affinity trends
observed.
5.2.4 Average surface area calculation
The density of the cylindrical PET fibres were given to be 1.38 g.cm-3 by the supplier, and their diameter
remained constant at 10 µm. From this, the surface area per 10 mg mass of fibre could be calculated as
follows:
(a) By plugging the equation for the volume of a cylinder into the equation for the density of a material, the
total fibre length of the sample could be determined.
Length =
Mass
Density ×Radius2 × pi
=
0.01
1.38 × 0.00052 × pi
= 9226.37 cm
(b) Since the fibres were 3 cm in length, this meant that the sample was comprised of 3075.46 individual
fibre strands. Given this, the exposed surface area could be calculated, not taking into account the
increased surface area due to fissure formation nor protein aggregates.
Area per fibre = (2 × pi ×Radius × Length) + (2 × pi ×Radius2)
= (2 × pi × 0.0005 × 3) + (2 × pi × 0.00052)
= 9.426 × 10-3 cm2
Total Area = 9.426 × 10-3 × 3075.46
= 28.99 cm2
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5.3.1 mCherry-BCG affinity study
For the various Con A modified fibres to be considered viable platforms for Mtb cell capture, they needed
to show greater affinity for the Mtb mimic, BCG, than the precursor substrate (PET-NH2). To assess this,
an affinity study was conducted in triplicate. This entailed that the various substrates were exposed to
cultures of mcherry-BCG with OD600 values of approximately 2.0, and subsequently analysed with CFM
and scanning electron microscopy (SEM). CFM was the preferred method of the two, as it allows direct
visualisation of both the fibres and the bacteria. Fibres were observed as broad, uniform strands, while the
bacteria could easily be detected by the mCherry fluorophore it possessed. mCherry was excited by a 561
nm laser and its emission detected at 622 nm. SEM analysis would provide topographical information with
regards to the association between the fibres and the bacteria. From both the CFM and SEM analyses, the
bacilli were observed as short rod-shaped cells dispersed on and amongst fibres as individual bacilli or
clusters (Figure 5.2a, 5.2b and 5.3).
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Figure 5.2a: Maximum intensity projected z-stack (100 × magnified) CFM images of PET-NH2, PET-NH-GA-Con A and
PET-NH-GA-CLPA incubated with mCherry-BCG with an OD600 of 2.0. Left hand side images represent fluorescent signals
produced by excitation with a 561 nm laser and detected at 622 nm. Right hand side images represent the combination of residual
signals detected by the T PMT filter as well as the images on the left.
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Figure 5.2b: Maximum intensity projected z-stack (100 × magnified) CFM images of PET-NH-DSC-Con A and PET-NH-DSC-CLPA
incubated with mCherry-BCG with an OD600 of 2.0. Left hand side images represent fluorescent signals produced by excitation
with a 561 nm laser and detected at 622 nm. Right hand side images represent the combination of residual signals detected by the
T PMT filter as well as the images on the left.
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Figure 5.3: SEM micrographs of PET-NH2, PET-NH-GA-Con A, PET-NH-GA-CLPA, PET-NH-DSC-Con A and PET-NH-DSC-CLPA
incubated with mCherry-BCG with an OD600 of 2.0.
Figures 5.2a, 5.2b and 5.3 show the presence of BCG on all of the fibre substrates, including the PET-NH2
control study fibres. This is to be expected, and occurs due to the ability of the fibres to act as a filter
medium when removing it from the culture solution. As such, cells become trapped in the matrix and are
not easily removed by washing. While the concentration of these cells was low throughout the sample, they
were purposefully imaged for comparison purposes. With regards to the Con A functionalised fibres, both
the CFM and SEM micrographs indicate that these fibres were able to avidly capture BCG bacteria.
The CFM micrographs (Figures 5.2a and 5.2b) show that the amounts of bacteria captured by the Con A
derivatives, are far greater than that trapped by the PET-NH2 fibres. Additionally, the bacteria are observed
to be distributed along the length of the fibres as single cells or clumps of several cells. This is indicative of
adhesion based interaction, rather than physical entrapment1,16. Similar attributes can be seen in the SEM
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micrographs (Figure 5.3), with the added advantage that the topographical aspects of the bacterial capture
could be resolved. The SEM micrographs show that the BCG bacteria were inclined to accumulate and
form clusters around the circumference of the Con A functionalised fibres. In the case of the control fibres,
small groups of bacteria can be seen, although bacterial clusters are absent.
The clumping of the BCG bacilli as seen from the CFM and SEM micrographs (Figures 5.2a, 5.2b and 5.3)
is an inherent property of the mycobacteria, which is due the hydrophobic outer layers of the organisms17,18.
It is however likely that the capture platform promotes clump formation. This can occur as a result of initial
cell capture, followed by a hydrophobic clustering formation1. To add to this, the analysis is prejudiced
towards visualization of clusters of bacteria, due to the vast sample area which is analysed. The surface
area per sample exposed to the BCG culture was approximately 29 cm2, whereas the imaging of the sample
surface is limited to around 7 × 10-5 cm2 at a hundred times magnification. So, while ample amounts of
single or small clusters of bacilli were present on the protein modified fibre derivatives, for the sake of clarity,
larger groups of the bacteria were selected for imaging.
From this study, a general trend in BCG capture ability for the various substrates could be observed and
expressed as follows: PET-NH-GA-CLPA > PET-NH-DSC-CLPA > PET-NH-GA-Con A > PET-NH-DSC-Con
A > PET-NH2. This trend slightly deviates from that suggested by Figures 5.2a, 5.2b and 5.3, from which it
seems that PET-NH-GA-CLPA captured the third least bacteria. This deviation occurs since mycobacterial
cell capture is an accumulative fibre property, while analysis was performed on a per fibre basis. This is due
to physical bulk and irregular surfaces of the fibres bundles which had to be analysed. Consequently, only
the fibres closest to the surface could be imaged, resulting in a facile representation of the materials BCG
capture ability.
The observed ability of the Con A modified fibres to interact with BCG bacilli is likely mediated by the
carbohydrate-binding ability, and mannose specificity of the protein11,21. This proved to be effective on the
BCG bacterial cells, due to the presence of mannose caps on their cell walls10. It follows, that the adhesion
between the Con A functionalised fibre surface and the mannose caps of BCG, is likely achieved by means
of direct hydrogen bond formation, as well as van der Waals interactions11.
It could also be observed from the BCG affinity trend that the CLPA derivatives displayed greater affinity
for the BCG bacilli than the unistructural Con A derivatives. This was likely the causative effect of greater
protein loadings per unit area of fibre surface, as well as improved protein activity and stability22.
From this study, it can be concluded that the Con A functionalised PET substrates were able to perform as
viable platforms for BCG cell capture. All of the protein bearing fibres captured the bacterial cells with high
avidity. These captured cells could also be seen to be intimately associated with the fibre surfaces.
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5.3.2 mCherry-BCG dilution study
Most children infected with TB develop a paucibacillary form of the disease, where the count of Mtb bacilli
in their sputum is very low21. Hence, the ability of the various substrates to aid in the detection of Mtb, was
assessed by conducting a dilution study. From this, the sensitivity of the substrates for BCG baccili, as Mtb
mimic, could be determined. The study entailed that the fibres were exposed to serial dilutions (1:10 OD600)
of bacteria, whereafter their capture ability was analysed by CFM.
Paucibacillary cases of TB, correspond to bacilli counts which approach zero colony-forming units per
millilitre (CFU/mL) of sputum12,22. Therefore, the series of dilutions at which this study was performed,
were selected to fall within a range respective of paucibacillary TB. The OD600 values of the Mtb bacilli
corresponding to this range, was obtained from literature. This was found be OD600 values of less than
0.523. The CFM dilution study results presented in Figures 5.4a and 5.4b correspond to a dilution set of 0.3
to 0.003. These micrographs display the BCG affinity of the various fibre types and their ability to operate
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as capture media, down to bacteriological concentrations representative of paucibacillary TB.
Figure 5.4a: Maximum intensity projected z-stack (100 × magnified) CFM images of (row a) PET-NH2, (row b) PET-NH-GA-Con A
and (row c) PET-NH-GA-CLPA incubated with mCherry-BCG with an OD600 of 0.3 (column 1), 0.03 (column 2) and 0.003 (column
3). All images represent fluorescent signals produced by excitation with a 561 nm laser and detected at 622 nm, overlaid with T
PMT filter data.
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Figure 5.4b: Maximum intensity projected z-stack (100 × magnified) CFM images of (row d) PET-NH-DSC-Con A and (row e)
PET-NH-DSC-CLPA incubated with mCherry-BCG with an OD600 of 0.3 (column 1), 0.03 (column 2) and 0.003 (column 3). All
images represent fluorescent signals produced by excitation with a 561 nm laser and detected at 622 nm, overlaid with T PMT filter
data.
The micrographs of columns (1-3) of Figures 5.4a and 5.4b, show the enhanced BCG affinity of the Con A
modified fibres, compared to the control study fibres. The localisation of the bacteria onto the surfaces of
these fibres, illustrates their ability to also concentrate bacteria from solution. In addition, all of the Con
A derivatives show the ability to capture significant amounts of bacilli at an OD600 of 0.3. These amounts
are then seen to decrease as the concentration of the bacteria in solution decrease. From the decline in
captured bacilli, per individual fibre type, an agreement with the trend described in in Section 5.3.1 can be
observed. This, in brief, implies that the CLPA functionalised and glutaraldehyde (GA) activated fibres show
superior BCG capture ability.
Figures 5.4a and 5.4b, suggest that the lowest limit of detection of BCG bacteria on the Con A functionalised
fibres, by aid of CFM, is approached at an OD600 of 0.003. Since such an OD600 value corresponds to a
theoretical CFU/mL value of zero23, this technique suggests a possible increase in the detection threshold
for acid fast sputum smear microscopy of 104 CFU/mL12,24. This is however a strongly theoretical statement,
based on detection of an Mtb mimic at correlated culture concentrations and ideal experimental parameters.
The control study fibres of columns (1) and (2) (row (a) of Figures 5.4a and 5.4b), show bacilli concentrations
which appear much greater than they actually were. This was done for comparison reasons, as discussed
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in Section 5.3.1. However, from the control studies, it can be observed that the fibrous matrix plays a
significant role in aiding bacterial capture, with the fibres being able to physically entrap bacilli down to an
OD600 value of 0.03.
It can be concluded from this study that the Con A functionalised fibres were able to perform as BCG
capture and concentration platforms. They were able to do so at OD600 values, which correlate to the
concentration of bacteria in the sputum of paucibacillary TB patients. It was also seen that the fibre matrix
plays a significant role in aiding BCG capture, by entrapment of bacteria in the fibre matrix.
5.4 Conclusion
An Mtb mimic, mCherry-BCG, was successfully captured onto the PET-NH-GA-Con A, PET-NH-GA-Con A,
PET-NH-GA-CLPA and PET-NH-DSC-CLPA microfibre surfaces. This was evaluated and confirmed with
CFM and SEM analysis, by comparing it against a controlled study precursor. In all instances, the lectin
functionalised fibres outperformed the control study samples. This can be ascribed to the adhesion based
interactions between the adhesin functionalised fibres and the mannose receptor groups on the BCG cell
wall.
From a dilution study, it was found that all of the Con A functionalised substrates were able to capture
and concentrate mCherry-BCG from low concentration culture solutions. This study also indicated the
importance of the fibrous morphology, in aiding mycobacterial cell capture.
The general trend observed in capture ability, was that the CLPA derivatives had the greatest affinity for BCG
bacteria, and that overall, the fibres which had been activated with GA were best suited for mycobacterial
adhesion.
From the results obtained from this chapter, it can be concluded that PET microfibres, surface modified
to bear Con A, are capable of capturing mycobacterial BCG cells. These substrates were able to perform
admirably down to culture concentrations which are characteristic of paucibacillary cases. As such, the
substrates investigated could prove to assist with the detection of Mtb by means of buccal swabbing.
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Chapter 6
Conclusions and recommendations
6.1 Conclusions
The surface modification and characterisation of poly(ethylene terephthalate) (PET) microfibrous substrates
were presented in this thesis. Specifically, these substrates were altered to express the adhesin,
Concanavalin A (Con A) on their surface. The ability of these fibres to entrap and capture Mycobacterium
tuberculosis (Mtb) was evaluated by conducting an affinity study with bacillus Calmette-Gue´rin (BCG), an
attenuated strain of Mycobacterium bovis.
The objectives, as defined in Chapter 1, have predominantly been met. As such, it can be concluded that
PET microfibres are a suitable starting material to utilise for the preparation of Mtb capture platforms.
6.1.1 Selective degradation of PET
PET microfibres were subjected to hydrolysis or amination reactions, to generate hydroxyl or a combination
of primary amine and hydroxyl groups respectively, on the fibre surfaces. These modified surfaces could then
act as precursor scaffolds for subsequent modification reactions, utilising the newly introduced functionalities.
While characterisation of the functionalities was aided by means of staining tests, quantitative assessment
of the yields could only be approached semi-quantitatively for the aminated fibres.
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6.1.2 Surface activation with glutaraldehyde and subsequent Con A
immobilisation
The primary amine groups of the aminated PET fibres were activated with glutaraldehyde (GA). Due to
the auto-fluorescent properties of GA, its presence on the surface of the fibres was confirmed by confocal
fluorescence microscopy (CFM).
Con A was immobilised onto the activated PET fibre surfaces. Its presence was confirmed by attenuated
total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy and scanning electron microscopy
(SEM). By making use of a Con A-fluorescein isothiocyanate conjugate, the presence of the immobilised
protein could be visually confirmed by CFM. By subjecting the protein functionalised fibres to a horseradish
peroxidase (HRP) assay, the presence of biologically active Con A on their fibre surfaces was confirmed.
The use of correlative light-electron microscopy (CLEM) as a means of detecting immobilised Con A, was
assessed. It was not found to be a viable technique for evaluating the degree of protein immobilisation, and
its ability to detect the immobilised protein was limited to high protein loadings.
6.1.3 Surface activation with N,N’-Disuccinimidyl carbonate and subsequent Con A
immobilisation
N,N’-disuccinimidyl carbonate (DSC) was used to activate the hydroxyl and primary amine groups on the
surfaces of aminated PET fibres. This activated surface could then mediate the immobilisation of Con A.
The presence of Con A on the fibre surfaces was confirmed by ATR-FTIR spectroscopy and SEM. From a
HRP assay, both the presence and the biological activity of the protein was confirmed.
6.1.4 Affinity studies
Affinity studies between the functionalised fibres and BCG were performed to determine whether or not the
substrates could perform as capture platforms for Mtb. The interaction between the fibres and the bacteria
were observed and evaluated by means of SEM and CFM.
From the affinity study, it could be concluded that BCG capture ability was greater for fibres with a Con A
surface functionality, compared to PET-NH2 control study fibres. It was also found that the cross-linked
protein aggregate (CLPA) derivatives showed the greatest affinity for BCG.
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From the dilution study it was found that the Con A bearing fibres were able to efficiently capture and
concentrate BCG bacteria down to culture concentrations with an optical density measured at 600 nm
(OD600) value of 0.003.
6.2 Recommendations for future research
The work presented in this study was performed in a manner which makes its results comparable to a
number of similar studies. The methods and tests were standardised, producing applicable as well as valid
data. The study, however, remains unique in several regards and holds great potential for future iterations.
There exist parameters which may benefit from slight adjustments.
6.2.1 Analysis
The greatest challenge associated with this study was the limited solubility of PET. Hence, surface analysis
techniques proved to be the best means of acquiring data, with concern to modifications to the PET
materials.
A technique which has the potential to be particularly proficient at tracking changes to the material chemistry
is CFM. While it does require fluorophore tagging of functionalities, the produced effect is a honed in image
of only the tagged compounds.
The electrophilic activation of PET is an area of the study which would particularly benefit from such an
analysis. By using fluorophores which contain primary amine groups, the presence and reactivity of the
activating groups can be assessed by CFM.
6.2.2 Material selection
Another challenge encountered, was the use of unbound microfibres. While their use was integral to the final
substrates produced, and likely increased their efficiency as capture platforms, they are not well suited for
analysis. To circumvent this, a material with similar properties might be considered. A well-suited candidate
is spunbond nonwoven PET. This will allow for better microscopy analysis of the material, as well as permit
quantitative elemental surface analysis.
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6.2.3 Affinity studies
In addition to affinity studies performed, a real-world case study should be conducted. This should
include realistic incubation and preparation procedures typically followed during mainstream diagnosis of
tuberculosis.
The importance of this point comes to bear when considering the eventual intent of the materials created in
this study. While the affinity studies performed are applicable, they are highly theoretical and ideal. Moving
closer to a real-world scenario would provide additional parameters which need to be considered. This
is especially important in relation to the form factor and durability of the substrates, since changes to the
material structure and morphology could influence the adhering ability of the bacteria.
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